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E.Tigit^ir' 



The Third Science is that of Machine Design. This has been 
removed by Redtenbacher froin its iaconect posilion its a pari of 
Applied Mechanics, and established on a looting of its own. Its 
province is to show how the pans of the raaehine are to be propor- 
tioned so as to resist deformation. In order to accomplish this folly, 
they must be considered both with reference to the external forces 
acting on the machine, and the corresponding molecular forces within 
its substance. 

The former are assumed as determined by theoretical mechanics 
(for example, the Etea.m pressure upon a piston, or the water pressure 
on the vanes of a turbine) ; these define the requirements of (he 
parts as to slrenglh. The latter, the molecular forces, tra.nsmit the 
force action from part to part (for example, from the piston rod to 
ihe connecting rod, or from toothed wheel to toothed wheel), and cause 
also friction and wear. The science of Machine Design applies the 
results of research in these two directions to the special problems 
with which it deals. When it solves these problems in accordance 
with technological requirements, it foims a really technical science. 

* Reuleaux, TheorOische Kiiuinatik, 
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PREFACE 



THE SECOND EDITION. 



That this Treatise has proved useful to those for whom 
it was intended, may perhaps be inferred from the fact that 
a new edition is needed in less than a year from its first 
appearance. In preparing it for reprinting, the author has 
corrected a few errors which had previously escaped notice, 
and has made a few additions. The chief changes have 
been made in the first three chapters, in which a some- 
what stricter use of terras has been attempted. For the 
suggestion of this and of several other corrections which 
have been made, the author is indebted to Mr, A. G. 
Greenhill, M.A. 

The fault of many of the terms commonly used in the 
workshop and in boolcs dealing with the subject of the 
strength of materials is, that they are applied to express both 
the forces acting on a structure and the deformations which 
are produced. Thus, compression means in ordinary usage 
either the stress acting on a bar or the strain due to iCs 
action. There is a further ambiguity arising from the use 
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vi Preface to the- Second Edition. 

of the same words for a quantity and an intensity. Thus 
elongation and compression are used either for the whole 
deformation or for the deformation per unit of length. 

An attempt has been made to avoid some of the ambi- 
guities arising from this double use of the same terms. The 
following short scheme may be useful for reference : 
Stress _ Tension 
Strain Extension 

^ Premre „, Sh£Hi!8*?S=comspondmg Elasticity. 

Compression Shearing stram r o j 

Also Extension = J.^e^ 
original length 



and Compression := 



Contraction 
>rigiiial length. 
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PREFACE 



THE FIRST EDITION. 



This little book was begun some four or five years since, 
when the want of any English text-book of machine design 
had become very apparent to the author. Its progress has 
been delayed by the pressure of other work, and it has been 
completed in rather restricted intervals of leisure. Never- 
theless, no labour has been spared iri condensing into the 
smallest compass the infonnalion at the author's disposal, 
and in endeavouring to render the treatment of the subject 
. simple and clear. If the student's path has in any degree 
been rendered easy, it is because a good deal of labour has 
been expended on the roadway. 

Long experience has enabled engineers to proportion 
special machines in a very perfect way, and no great improve- 
ment can be expected from a theoretical study of the strength 
of their different parts. The empirical rules current in the 
drawing office, are sufficient for the construction of ordinary 
machines. The present treatise is not merely a collection 
of such rules. Its primary object is to explain the principles 
which are available as guides in machine construction. So 
far as it succeeds in this, it will place the draughtsman in 
the best position to make use of the facts whicK come under 
his notice in the workshops and the drawing office, and will 
enable him to apply that experience in dealing with new 
materials, with new forms of construction, and with novel 
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conditions of force and speed. In addition, this text-book 
contains a selection of practical rules and empirical propor- 
tions, for various parts of machines. These are not intended 
to override the draughtsman's own judgment and experience. 
All such rules have a mo'^e or less limited application, and 
the most that can be done is, to indicate how such matters 
can best be dealt with. The author has endeavoured to 
avoid excessive minuteness in giving the empirical propor- 
tions of machine parts, and he has usually left a certain 
range of choice open. That which appears least desirable, 
in a text-book of this kind, is to reduce designing to mere 
rule of thumb. In good designing, judgment, foresight, 
knowledge and science must be constantly brought to bear. 

Many rules for machine design are rational in form, but 
are affected by arbitrary coefficients, intended to allow for 
contingencies which are neglected. In such cases, the 
arbitrary part of the rule has, in this treatise, generally been 
distinguished from the rational part. Thus, in dealing with 
shafting, the diameter is determined by the law of torsional 
resistance, but the coefficients, in the rules ordinarily given, 
are made up of two parts, one belonging to the rational 
formula for torsional resistance, the other, an arbitrary factor 
of safety, which is intended to make allowince for the un- 
determined bending action. In this treatise, the two parts 
of the coefficient are kept separate, so that it may be seen 
what amount of undetermined straining action is actually 
allowed for. 

To some students this treatise may appear to contain an 
excessive amount of mathematical work. This is partly due 
to the fact that much has been condensed in a small space, 
and that the symbolical expression of the reasoning is the 
simplest and briefest. Bui the mathematics employed are. 
with few exceptions, of a very simple kind, and ought to 
present no difficulty to anyone fairly acquainted with ordi- 
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preface to the First Edition. ix 

narj' algebra and trigonometry. Real difficulty is most 
likely to occur where the student is imperfectly acquainted 
with apphed mechanics, and this difficulty can only be re- 
moved by studying sonae of the numerous excellent treatises 
we possess on that subject. Of these none is more accurate 
or complete than Rankine's ' Millwork.' The use of the 
rules given has been made easy by copious numerical tables. 

To some it may appear that the book is too theoretical. 
But every engineer acts upon a theory of some kind, in pro- 
portioning machines. If a piston rod for a 48-inch cylinder 
is made of twice the diameter of that for a 24-inch cylinder, 
a theory of the piston rod's resistance is acted upon, and in 
fact a theory which is only approximate and safe within 
certain limits, for the resistance of the rod is not indepen- 
dent of its length, and the forces due to the inertia of the 
piston which act on the rod are not proportional to the 
piston's diameter. Hence, theory is essential to any sys- 
tematic treatment of the subject, and all that ought to be 
required is that the theory should be accurate and free from 
useless refinements. It is not legitimate, or safe, to render 
the solutions of practical problems easier, by ignoring some 
essential conditions. Even when all the elements of the 
problem cannot in practice be taken into the reckoning, it 
is still important that the designer should bear them in 
mind. 

In order to avoid constant repetition, a uniform plan is 
adopted, as to the units employed, which is only departed 
from in a few cases for special reasons. Wherever there is 
no express statement to the contrary, the units adopted are 
as follows : — 

Dimensions are in inches. 

Loads or forces are in lbs. 

Stresses are in lbs. per sq. in. 

Fluid pressure is in lbs. per sq. in. 
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X Preface to the First Edition. ' 

Velocities and accelerations are in feet per second. 

Work is in foot lbs. 

Speeds of rotation are in revolutions per minute, or in 
angular velocity per second. 

Statical moments (as bending and twisting moments), 
are in inch lbs, 

A more consistent and scientific system of units could 
easily be adopted, but it would involve a departure from the 
modes of reckoning current in the worksliop. 

It is perhaps too much to expect that all errors have been 
eliminated, and the author will be obliged to any reader 
who will communicate to him mistakes that are discovered, or 
cases in which the rules appear to fail. 

Thanks are due to Mr, Heys of Manchester, who has 
carefully read through the chapter on toothed gearing, and 
made some suggestions noted in the text ; to Messrs. Pearce 
of Dundee, who supplied data of their rope gearing ; and 
to Messrs. Tullis of Glasgow, who afforded infonnation 
about leather belting. Some years since the author made 
himself acquainted with the works of Armengaud, Redten- 
bacher and Reuleaux, and although he has referred to ther.i 
but little while actually writing this book, he no doubt owes 
much to them. Redtenbacher and Reuleaux must be con- 
sidered to have done more than any other writers, to reduce 
machine design to a 
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ELEMENTS OF MACHINE DESIGN. 



materials used in machine construction. 
Cast Iron. 
I. Under the term cast iron may be included every kind 
of iron produced direct from the ore, which will not temper 
or weld. The materials thus comprehended in one class 
are very various in quality, appearance and strength, and in 
the purposes to which they are applicable. Cast iron is in 
genera! fusible at a lower temperature, contains more carbon, 
and is less pure than wrought iron or steel. The cast irons 
of commerce are generally divided into six classes. At one 
end of the series is placed the whitest cast iron, a silvery 
and excessively hard material ; at the other the greyest 
cast iron, which is much softer, and owes its dark appearance 
to particles of graphite. The whiter cast irons are used only 
for conversion into wrought iron. The greyer irons, classed 
as Nos. I, 2 and 3, are used also for foundry purposes. The 
greyer iron is less fusible than the whiter varieties, but it is 
more fluid when molten, and it has the property of expand- 
ing a litde at the moment of solidification, so as to form 
accurate and smooth castings. The greyest iron is deficient 
in strength. Hence most castings are composed of mixtures 
of Nos. I, 2, and 3 iron, in varying proportions. The larger 
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2 Machine Design. 

the casting and the stronger it requires to be, the less is the 
proportion of No. i which is used. 

Cast iron usually contains 3 to 5 per cent of carbon. In 
white iron this is entirely combined with the iron. In grey 
iron from o'6 to 1-5 per cent is combined, and the re- 
mainder, 2-9 to 37per cent crystallises separately as graphite. 

Cast-iron machine parts are formed by pouring the 
melted cast iron into moulds. A pattern is first made of 
the exact shape of the casting required. A mould is then 
formed from this in foundry sand or loam. Then the 
molten iron is poured into the mould. After solidification 
the sand is cleared away. 

The patterns are commonly made of yellow pine, or, 
when small, of mahogany. Metal patterns are used when a 
great number of similar castings are required. As the cast 
iron contracts about |th of an inch per foot in each direc- 
tion, the pattern is made larger than the required casting 
is that proportion. The amount of contraction varies with 
the quali^ of the iron and the size of the casting, and this 
sometimes gives rise to much difficulty and trouble. Pas- 
sages and apertures in castings which are so small that the 
sand would not resist the scouring action of the flowing 
metal, are formed of loam, in wooden moulds termed core- 
boxes, and are baked before being used. Simple cylindrical 
parts can be moulded in loam, without the use of a core- 
box. Thus, the core of a pipe is formed of loam, plastered 
on to a hollow metal core-bar. By rotating the core-bar and 
stricklingofT the superfluous loam with a sharp-edged board, 
the eiact cylindrical form is obtained. The moulds for 
I»£e cylinders are formed of loam, plastered over roughly 
built brick cylinders, and strickled to the required form. 

Although simple forms are more easily moulded and cast 
than more complex forms, the skill of the moulder enables 
him, when necessary, to mould castings of very complicated 
and difficult shapes. Hence, the cast parts of machines may 
be more complicated in form than those which are forged. 
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Materials. 3 

Casrings, however, do not retain an altogether sharp and 
accurate impression of the mould. The comers of castings 
are usually somewhat blunt and ragged, deep hollows par- 
tially filled up, and straight lines slightly twisted. Hence, 
for appearance sake, castings should have broad and rounded 
surfaces with well-rounded edges and filleted hollows. Archi- 
tectural mouldings are not suitable for castings. 

2. Cast iron is stronger than wrought iron under pres- 
sure, and much weaker under tension. Hence, it is more 
suitable for compressed than for stretched machine parts. 
Within a limited range of stress, it is tougher than wrought 
iron, or undergoes a greater deformation. But its range of 
deformation is not great Hence, it is not so safe as wrought 
iron when subjected to suddenly applied impulses. 

When castings are contracted for, it is usual to stipulate 
that test bars shall be cast at the same time and of the same 
metal as the castings. These test bars are very commonly 
3^ ft X 2 ins. X I inch. They are laid on supports 3 ft 
apart, with the deeper side vertical, and loaded at the centre 
lilt they break. Such bars should carry from i J to 15 tons 
before breaking, and will deflect before fracture from o-z to 
05 inch. Generally it is desirable that the iron should be 
ductile, and the deflection should not be less than 0-3 inch. 
The tensile strength of cast iron varies from 7 to 1 1^ tons 
per square inch, 

3. The special difficulty and danger in the use of cast 
iron is its liability to be put into a state of internal stress, 
in consequence of its contraction when cooling. That con- 
traction varies with the size and thickness of the casting, and 
with the quality of the iron. Thus it has been found that 
thin locomotive cylinders contract only I'^th of an inch per 
foot Heavy pipe castings and girders contract ^th inch in 
T 2 inches, or ^th inch in 15 inches. Small narrow wheels 
contract as Ettle as jljth inch per foot, while large and heavy 
wheels contract -^ inch per foot or more. If some jiaits of 
a casting contract more than others, the thick parts, for 
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4 Machine Design. 

instance, more than the thin parts, the casting is twisted and 
strained. If some parts of a casting solidify while others are 
still fluid, the former attain nearly their final dimensions, 
while the contraction of the latter has still to be effected. 
That contraction therefore strains the parts already set, and 
their resistance to deformation gives rise to stresses in the 
parts which are contracting. Thus a condition of initial 
stress is induced, sometimes great enough to fracture the 
casting without the application of any exteraal cause, and in 
alt cases reducing the effective strength of the casting. The 
■danger of initial stress is less when the form of the casting 
is simple and the thickness uniform and not excessive. It 
appears that the initial stress is to some extent gradually 
removed by molecular yielding, the alteration going on for 
months after the casting is made. 

Suppose a casting of the form shown at A, Fig. i. The 
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thin side would solidify, while the greater body of heat in the 
thick part still retained it in a fluid condition. When the 
thick part contracted, it would necessarily curve the bar and 
induce compression in the thin part, and a corresponding 
extension in the thick part. In a panel of the fonn shown 
at B, with a thin but rigid flange, the contraction of the 
diagonals Ukes place more slowly than that of the rim 
surrounding them, and is very liable to cause fracture at 
a a. In a thick cylinder, such as a press cylinder. Fig. i, 
C, the outer layers solidify and begin contracting first 
The contraction of the inner layers, after that of the outer 
layers is completed, induces pressure in the outer layers; 
and the rigidity of the outer layers, causing a resistance to 
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the contraction of the inner layers, puts them into tension. 
Such a cylindK will not bear so great a bursting pressure as 
if there were no initial strain. In fact, to obtain the greatest 
resistance to an internal bursting pressure, the reverse dis- 
tribution of initial stress is necessary. This has sometimes 
been obtained by a water core, or hollow core having a 
water circulation through it. The interior is then cooled 
most rapidly. Compression of the inner layers and exten- 
sion of the outer layers is the result of this mode of cooling. 
Castings in the form of wheels and pulleys often give much 
trouble. In pulleys which have a thin but rigid rim, the rim 
contracts first, and the subsequent contraction of the arm 
breaks it by tension along the line a a a. Fig. 3. In some 
cases, however, the rim breaks across near the arm, at a b. 
This appears to be due to the arms setting first They then 
form a rigid abutment resisting the contraction of the rim. 





Us.!. 



Fig.* 



and bendii^ stress is produced in the rim, causing fracture 
to begin outside and extend inwards. 

It is because of these incalculable initial Strains, that 
cast iron is an unreliable material, where great strength is 
required, in structures of irregular form. The danger may 
be partially removed by the skill of the founder, who, by 
various devices, ensures as far as he can an uniform rale 
of cooling. But generally cast-iron stmctures must have 
excessive dimensions in order to ensure safety. 

At sharp corners, a plane of weakness is formed, in con- 
sequence of the way in which the crystals arrange them- 
selves, normally to the surfaces through which heat is trans- 
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mitted. This is one reason why all comere should be well 
rounded. Fig, 3 shows roughly the crystalline structure. 

4. Chilling. — When castings are rapidly cooled during 
solidification, the separation of the graphite from the iron is 
prevented. The casting has then a silvery fracture and is 
extremely bard. To effect this chilling, as it is termed, the 
mould is made of a thick block of cast iron, the surface in 
contact with the molten iron being protected by a wash of 
loam. The iron mould abstracts the heat much more rapidly 
than a sand mould. 

5. Malleable Cast Iron. — This is made by surrounding a 
casting with oxide of iron or powdered red hsematite, and 
keeping it at a high temperature, for a time varying with 
the size of the casting, fi^om two or three, to thirty or forty 
hours, or even longer. Part of the carbon is eliminated, and 
the casting is converted, partially or wholly, into a tough 
material resembling wrought iron. Malleable castings stand 
blows much better than ordinary castings, but they should 
only be hammered when cold. The decorative parts of iron- 
work and pinions of wheels are often thus treated. 

Wrought Iron. 

6. Wrought iron is a silvery metal, fusing with difficulty, 
moderately hard, very strong and very tough. It is obtained 
from cast iron by eliminating the greater part of the carbon, 
and during the process passes into a pasty condition, so that 
it cannot be cast into an ingoL At a temperature of 1,500" 
or 1,600° Fahr. wrought iron softens, and can then be 
welded, a property of great importance and value. Wrought 
iron is used for parts of machines requiring strength and 
toughness, and such parts should generally have as simple a 
form as possible. Wrought-iron parts are first shaped by 
hammering or rolling at welding heat, and are then reduced 
to the exact form required by cutting tools. In some cases 
dies or swages are used to fadlitate the forging of difficult 
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forms. I^ige wrought-iron structures are built up of ban 
or plates riveted t<^ether. Wrought, iron easily oxidises, 
and must be polished bright and oiled, or painted. 

The different qualities of wrought iron are comraercially 
distinguished as merchant bar, best iron, double best, and 
treble best These terms refer to the amount of working 
the iron has received in manufacture, and are only rough 
indications of quality. To ensure a given quality the iron 
used should be tested. Its strength is usually determined 
by subjecting it to tensile stress. Its ductility and tough- 
ness may be deduced from its elongation and contraction 
of area before rupture. Workmen test its tou^ness by 
bending it over a sharp comer with the hammer. 

7. The forms in which wrought iron is most easily 
procured are the following : — 

Bar iron. Round bars ^ in. to 7 ins. diameter Square 
iron up to 5 ins. or 6 ins. each side. Hat iron from \ in. 
thick and \ in. to 6 ins. wide, to \\ in. thick and 3 to 10 
ins. wide. Lengths usually 20 to 30 ft. 

Plates -^ to i" thick, and usually not exceeding 24 sq. 
ft. area. Angle iron, Tee iron, and double Tee iron, in 
bars, usually not exceeding 8 ins. in the sum of the widths. 

Various other forms are made, as half-round iron, channel 
iron, grate bar iron. 

The quality of wrought iron varies greatly, and for 
some purposes strength is most important, while for others 
dpability of being worked under the hammer without 
cracking or losing strength is more important. The follow- 
ing is a rough classification of the qualities usually met 
with : — 

{a) Iron easily worked hot, and bard and strong when 
cold ; used for rails. 

(i) Common iron, used for ships, bridges, and some- 
times for shafting. 

(f) Single, double, and treble best iron, from Stafford- 
shire and other parts, where similar qualities are made. 

D,g,t,ioflb,Google 



8 Machine Design. 

The single or double best is used for boilers. Double and 
treble best are used for forging. 

{d) Yorkshire iron, from Lowmoor, Bowling, or other 
forges where only fine qualities are made. The best York- 
shire iron is very reliable, and uniform in quality. It is used 
for tyres, for difficult foi^ngs, for furnace plates exposed to 
great heat, for boiler plates which require flanging, &c 

{e) Charcoal iron. Very ductile, and of the best quality. 

The ultimate tensile strength of wrought iron ranges 
from 18 to 28 tons per sq. in. Generally bar iron is 
stronger than plate iron, and bars of simple round or square 
section are stronger than bars of Li Ti Xi or other more 
complex sections. For ordinary round bar iron the tensile 
strength is about 25 tons per sq. in. ; for angle iron about 
2D to 24 tons ; iron wire increases in strength as the dia- 
meter is smaller, the tenacity ranging from 31J to 50 tons 
per sq. in. Plate iron has the peculiarity that the strength is 
much greater when the fracture is perpendicular to the 
direction of rolling than when it is parallel to it, and this is 
true both of tensile and shearing resistance. The elonga- 
tion is also greater in the former case. The mean tenacity 
when the fracture is transverse to the direction of rolling is 
about 22'3 tons per sq. in., and when the fracture is parallel 
to the direction of rolling ao'i tons. Occasionally the 
strength in the latter case has been observed to fell as low 
as 12 or 15 tons. 

Wrought iron elongates about ji^ of its length for each 
ton per sq. in. of tension up to the hmit of elasticity. Beyond 
that limit it elongates much more rapidly, the chief part of 
the increase being due to permanent set When a bar is 
broken by tension, the transverse area of the bar is reduced 
in the neighbourhood of the fracture, and, according to Mr. 
Kirkaldy, this contraction of area is the most reliable test of 
the toughness of the material The contraction is about 
10 per cent in plates, 15 per cent in T or L iron, and 20 
per cent in round or square bars. 
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The following table, prepared by Mr. Kirkaldy for the 
Government of India, indicates very dearly the range of 
quality which may be stipulated for in contracting for 
Wrought iron : — 



KbdofMiKiuI. 


ClauC. 


Class D. 1 CkuE, 


Clais F. 


CljaG. 1 
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45 
40 
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Round & square bai 
Flat iron . . 
L »nd T iron . 
Plate (across) . ; 
Plate (mean) . 
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22-8 
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8. Ciwi^ Hardening. — The surface of wrought iron may 
be hardened by partially converting it into steel. This can 
be effected to a slight extent by makii^ the surface bright, 
heating it to a red heat, then rubbing it with prussiate of 
potash, and quenching in water. It is far more completely 
effected by heating the iron in a close box, filled with bone 
dust and cuttii^s of horn and leather. 

9. Cold Rolled /nw.— Wrought iron, rolled cold under 
great pressure, gets a smooth pohshed surface, and is foimd 
to have a greatly increased tenacity. Its ductility and 
toughness are, however, much diminished Hammering iron 
when cold produces a similar effect Annealing, or heating 
the iron to red heat and allowing it to cool slowly, restores 
It to its original condition. 

All mechanical compression of iron when cold appears 
to increase its strength at the expense of its toughness and 
ductility. On the other hand, annealing reduces the 
strength, but increases the ductility and toughness. In 
rolling or hammering when hot, mechanical compression 
and annealing are going on simultaneously. 
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Steeu 

lo. Steel is distinguished from wrought and cast iron by 
having been cast into a malleable ingot during the process 
of manuiacture. Under the term steel arc included mate- 
rials differing greatly in quality. The softer kinds, which 
contain least carbon, approach wrought iron in character, 
having equal or greater toughness, greater strength, and the 
same capacity of welding. The harder qualities have less 
toughness, but much greater strength, and are less easily 
welded. All materials to which the term steel is strictly 
applicable may be defined as capable of being cast into a 
malleable ingot, and they are rendered harder and less 
tough, and have a higher limit of elasticity, when heated to 
red heat and suddenly cooled. When hardened, they can 
again be softened by heating to a temperature determined 
by the colour of the oxide which forms on the surface, the 
process being termed tempering or ' letting down.' Steel of 
soft quality is used for the same purposes as wrought iron ; 
but it is more liable to injury than the latter, in the various 
processes of foi^ng, punching, &c, to which it is subjected 
in the workshop. It is also more variable in quality, and 
in large masses is liable to concealed defects. In small 
masses, steel is generally preferable to wrought iron, and 
the difficulties attending its use will probably be overcome. 

Steel is more fusible than wrought iron, and can be cast 
roughly to the form required, but not so easily and accurately 
as cast iron. When cast it is porous, and contains cavities, 
and it is only after being foiled that its soundness can be 
relied on. Sir J. Whitworth has introduced a method of 
casting under pressure, which may probably remove the 
difficulties of producing sound steel castings. In welding 
steel, it is important that the two pieces to be united should 
contain the same amount of carbon. If they do not, their 
welding temperatures are different. The smithing of steel 
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is more difficult than that of wrought iron, and it 13 more 
liable to injury from over-headng, and for this reason iron 
rivets are preferable to steel rivets. If pure iron were com- 
bined with carbon, the physical properties of the steel pro- 
duced would depend on the prop«tion of carbon combined 
with the iron, the mildest steels containing about 015 to 
o'4percent of carbon, and the hardest 1*4 to t'6. Actual 
steel, however, contains other ingredierts, such as silicon 
and phosphorus, which influence its physical properties, 
having a similar effect, in hardening the steel, to a certain 
amount of carbon. 

All straining of the material by hammering, punching, 
&c , has a more injurious action on steel than on wrought iron, 
but the injury may be removed by subsequent annealing. 
When the pieces are not of great thickness they may be simply 
heated to a cherry red heat and allowed to cool in the air on 
a homogeneous surface of uniform conducting power, and the 
annealing will be found lobe practically perfect, 

Bauschinger has found the strength of steel to increase 
with the percentage of carbon nearly in the following 
ratio : — Breaking strength ^ 39 (i -)- C*) tons per sq. in., 
where C is the percentage of carbon. In steel plates the 
strength in the direction of rolling and transverse to it is 
nearly the same. The steel plates used in construction 
have a tenacity of about 30 to 35 tons per sq. in. Good 
hard cast steel has a tenacity of 50 tons per sq. in. 

Copper. 

II. Copper is a reddish metal, of inferior tenacity to 
wrought iron, but of greater ductility. It can be cast, but 
is seldom used In that way, as it tills the mould badly, and 
the castings are porous and unsound. It is usually rolled 
into plates and hammered to shape. It can be welded if 
proper precautions are taken, or joints in this material can 
be united by brazing. Its tenacity is rather variable, and is 
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about 15 tons after rolling, It is an expensive material and 
is chiefly used for pipes which require to be bent cold, 
for bolts in positions where corrosion must be. prevented, 
and for firebox plates where its (Juctility and power of 
resisting great heat are of value. After hammering cold it 
loses ductility and requires to be annealed. Its tenacity 
diminishes with increase of temperature to a greater extent 
than is the case with wrought iron. 



BROTfZE OR Gun-metal. 

12. Bronze or gun-metal is harder and less malleable 
than copper. It is fusible, and makes excellent castings. It 
varies in quality according to the proportion of tin. Thus :— 

Soft gun-metal contains . S tin to 92 copper. 

Hard gun-metal . . . 18 „ 82 „ 

Bell metal, from . . . t^\ „ 76^ „ 

to ■ ■ n „ 77 » 

Some zinc is often added to facilitate casting. Ordinary 
bronze is not uniform in texture. Whitish spots of alloy, 
rich in tin, are distributed through the mass. It has been 
found that when it is rapidly cooled after casting, the com- 
position is more uniform, the density greater, and the strength 
and toughness are increased. This rapid cooling is best 
effected by using thick cast-iron moulds or chills, the pro- 
cess being analogous to the chilling of cast iron. The best 
alloy for guns contains 8 to 10 parts of tin and 100 of copper. 
Such an alloy, when cast in sand moulds, breaks with about 
II tons persq. in. of tension, and its limit of elasticity is 
reached at 5'6 tons. Cast in chills, its tenacity is 17-6 
tons, and its limit of elasticity is raised 1067 tons persq. in. 
The friction between bronze and wrought iron is 
moderate and regular, and the bronze being softer wears 
most rapidly. Hence it is very suitable for the steps upon 
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which rotauig pieces are supported. Gun-metal for bearings 
often contains 82 per cent of copper and 18 per cent of 
tin. The softest bronze is used for cocks and sniali fittings. 
Bronze is tougher than cast iron, and is sometiines used for 
gearing subjected to shocks. 

Brass. 
13. Brass contains from 66 per cent copper and 34 per 
cent, zinc to 70 per cent copper and 30 per cent. zinc. A 
little lead is often added. Common brass for cheap brass- 
work contains a lai^er proportion of zinc Muntz metal, 
which can be rolled hot, contains 60 per cent, of copper and 
40 per cent, of zinc, or sometimes 66 per cent of copper, 33 
of zinc, and one of lead. It is used for sheathing-plates for 
ships and for the tubes of locomotives. Brass is extensively 
used on account of its easy working and good colour. It 
is cheaper but less strong and tough than gun-metaL The 
tenacity of brass is irom 8 to 13 tons per sq. in. and that of 
Muntz metal somewhat greater. 



White Brass. 

14. Various alloys have been used for bearings contain- 
ing lai^e proportions of tin or lead. The alloys in which 
tin is the chief ingredient contain 40 to 90 parts of tin, 5 to 
17 parts of antimony, and 1-5 to 17 parts of copper. Alloys 
in which lead is the chief ingredient contain 66 to 88 parts 
of lead with 4 to 3o parts of antimony and iz to 20 parts 
of tin. The object of trying these very various alloys is to 
obtain a metal for bearings which is cheaper and softer than 
ordinary gun-metal, and which works with less friction. 
The friction depends on the way in which the step wears. 
If it is soft and of uniform texture, and wears with a smooth 
and polished surfece, the friction may be expected to be 
small. 
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The following table gives the composition of some 
which have been used for railway and other bearings. 



Pabts by Weight. 



Lead 

Zinc . . . 
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Tin ... . 
Antimony , . 
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: Z 
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Some of these alloys are fusible at a low temperature, 
and are cast in position round a smooth mandril. Then 
they do not require turning. Most of them are too soft to 
be used for large bearings ; in such cases, a thin sheet of the 
alloy is cast in recesses in an ordinary gun-metal step. One 
objection to very soft alloys is that they crush, and clog the 
oil channels. 

. Phosphor Bronze. 

Under this name an alloy has been introduced composed 
of copper and tin with a small proportion of phosphorus, 
which is likely to be of great service in machine construction. 
It appears to owe its properties, in part, to the great care 
exercised in its manufacture, and the accurate proportions of 
tlie consdtuents. Its qualiries can be varied at will, so that 
it may be either very strong and hard, or, with less strength, 
ductile and very tough. Unlike ordinary bronze, it can be 
re-melted without deterioration of quality. 

As to its strength and ductility, various tests show a 
tenacityof from zz tons per square inch in the softer quali- 
ties, to 33 tons in the hardest. The elastic limit of the 
former is about 5 tons, and the latter 25. The former 
elongate 30 per cent or more before fracture, and the latter 
3 to 4 per cent. The contraction of area at fracture ranges 
from 4 to 30 per cent Unannealed wire (16 B. W. G.) 
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broke with from 102 tons per square inch to 151 tons per 
square inch, and the same wire ailer annealing carried from 
4S to 74 tons per sqnare inch. 

In some Belgian experiments, railway axle bearings of 
phosphor bronze were found to wear much longer than gun- 
metal bearings, and this bronze has also been used for the 
large crank bearings of marine engines, where ordinary gun- 
metal has failed. Its great strength and toughness render it 
especially suitable for gearing subjected to shocks. It has 
been used in place of steel for tools, in gunpowder factories, 
and it can be drawn into wire and used for rigging and 
perhaps for wire rope belting. 

14*1. FroUction of Iron from Corrosion. — One of the dif- 
ficulties in the use of iron or steel is the corrosion to which 
these materials are liable. In many cases, as, for instance, 
in steam boilers, the corrosion, if allowed to proceed, may 
greatly weaken and endanger the straclure. The corrosion 
is most rapid on surfaces which are alternately wet and dry, 
and less rapid on surfaces entirely covered by water. Cast 
iron obtains in the sand mould a covering of silicates which, 
if unbroken, is less liable to corrosion than clean surfaces of 
the metal. Cast iron and steel are more rapidly attacked in 
aea water than wrought iron. The acids present in some 
woods (as, for instance, oak) cause rapid corrosion of iron 
in contact with them. Hence in oak copper bolts are 
generally used. The modes of protecting iron from corro- 
sion are as follows : — (i) Heating the iron to ^lo" F. and 
immersing It in a bath of pitch maintained at a temperature 
of at least aio". A little oil is generally added to the pitch. 
This process, known as Doctor Angus Smith's, is commonly 
employed for protecting water pipes. The pitch used is coal 
tar, from which the naphtha has been removed by distillation. 
(2) A \3X varnish for application to surfaces which cannot 
be heated, consists of tar with a little tailow and resin. (3) 
Painting with oil paint, especially with paints which have 
oxide of iron as a basis. (4) Certain transparent varnishes 
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are manufactured which protect dean iron surfaces without 
altering their appearance. (5) Mr. Barff protects iron by 
forming on its surface a coating of magnetic or black oxide 
of iron. This is effected by subjecting the iron for some 
time to the action of superheated steam at a high tempera- 
ture. (6) Temporary protection is obtained by a coating 
of tallow. (7) The most complete protection is obtained 
by immersing the iron in a bath of melted zinc, a process 
which is termed 'galvanising.' 

Where iron is in contact with a metal electro-negative to 
it, and both are immersed in water, there is a voltaic action 
which causes rapid corrosion. If the water contains acids, 
as is the case sometimes with the feed water of boilers, the 
action is still more rapid. The irregular corrosion known 
, as pitting and furrowing, is probably due to portions of 
the surface exposed being electro-negative to others, either 
from want of homogeneity in the material, or from other 
causes. On the other hand, if a metal electro positive to 
iron is placed in contact with it, the iron is protected from 
corrosion. Thus boilers are now sometimes protected by 
suspending inside them blocks of zinc The zinc gradually 
disappears, but the iron is protected. 

Sectional Shading. 
Fig. 4 shows the sectional shading adopted in this Trea- 
tise to indicate the materials most commonly used. 
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CHAPTER II. 

ON THE STRAINING ACTIONS TO WHICH MACHINES ARE 
SUBJECTED. 

i6. Load. — By the load on any member of a machine is 
meant the aggregate of all the external forces acting on 
it; including the weight of the member itself or of other 
parts supported by it, the reactions of friction or inertia 
called into play by its motion, and the pressures transmitted 
through it 

We may distinguish (i) the useful load, or the actions 
arising out of the useful work transmitted; {2) the prg'udi- 
ciai resistances due to friction of parts of the machine, or 
to work expended otherwise than at the working point. 

(3) Reactions due to the weight of parts of the machine. 

(4) Reactions of inertia due to changes in velocity of mo- 
tion, (s) Centrifugal forces due to changes of direction of 
motion. (6) Force due to alterations of temperature. 

In each part of the machine the straining action varies 
with the fluctuarions of the useful load, and with the varia- 
tions of velocity and position of the different parts of die 
machine. Each member of the machine must be capable of 
sustaining the maximum straining action for that part of the 
machine. If, in consequence of variation of position or 
velocity, the kind of straining action is different at different 
times, it must be capable of sustaining the maximum strain- 
ing action of each kind. Lastly, as will be more fiilly ex- 
plained presently, the amount of variation of the straining 
action affects the endurance of the material, and therefore 
requires also to be considered. 
c 
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1 7- Fader of Safely.^—ln most cases, some of the kinds of 
Straining action above enumerated produce a comparatively 
small effect, and are for simplicity omitted, in estimating the 
Stresses to which a part of a machine is subjected. In many 
cases, some of the straining actions cannot be determined. 
The aggregate amount of straining action taken into con- 
sideration is therefore multiplied by a. factor of safety, before 
estimating the strength of the piece ; and in this way a 
rough allowance is made for the straining action neglected, 
and a margin of resistance is provided for cortingencies, not 
foreseen in designing the structure. The amount of that 
factor of safety is fixed by practical experience in similar 
cases. 

The following table gives factors of safety which have 
been adopted in certain cases, for different materials. They 
are the ratios of the calculated working stress to the statical 
breakmg stress, and include an allowance for ordinary 
contingendes : — 
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These numbers fairly represent practice based on expe- 
rience in many actual cases, but they are not very trust- 
worthy. It will be shown presently that the ratio of the 
ftafe working stress to the breaking stress depends on the 
range of variation of stress. 

18. Steady or Dead Load, and Variable or Live Loa^, — 
A steady load is one which is invariable during the life of 
the structure, and which produces a permanent and uo- 
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Taiying amount of straining action. The weight of a fixed 
part of a machine is such a dead load. A variable or live 
load is a load which is alternately imposed and removed, 
and which produces a constantly varying amount of strain- 
ing action. A steady load can generally be very exactly 
estimated, and when the load is entirely of this kind, a com- 
paratively low factor of safety affords a sufficient guarantee 
of security. A live load is often less easily estimated, and a 
load of this kind produces much more injurious effects on a 
structure than a dead load of the same amount. Hence, 
for a double reason, a higher fector of safety must be used 
for a live than for a dead load. 

A suddenly applied load is a load imposed on an an- 
strained structure, without velocity, but at one instant. 
Practical cases only approximate to these conditions. Such 
a load accumulates, in deflecting or elongating the structure, 
a certain amount of energy of motion, which is ultimately 
expended in increasing the deformation beyond the amount 
due to a steady load. If the stress does not exceed the 
limit of elasticity of the material, a suddenly applied load 
produces twice the stress which would be produced by the 
same load gradually applied or resting on the structure. 

If the load impinges on the structure with an amount of 
energy of motion previously accumulated, the stress pro- 
duced will exceed that due to the same load applied steadily, 
to an extent which depends on the original energy of mo- 
tion. Such a load may be termed an impulsive load. 

19. Strain. — Every load which acts on a structure pro- 
duces a change of form which is termed the strain due to 
the load. The strain may be either a vanishing or elastic 
deformation, that is, one which disappears when the load is 
removed ; or a permanent deformation or set, which remains 
after the load is removed. In general, machine parts must 
be so designed that, under the maximum strainii^ action, 
there is no sensible permanent deformation, 

Stress and Strength. — The molecular actions widiin the 
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material of a structure, which are called into play by external 
forces, and which resist its deformation, are termed stresses. 
In all materials the stresses are sensibly proportional to the 
Strains, so long as no considerable permanent set is pro- 
duced. If, however, the straining action is so great as to 
produce a permanent change of form, then the strains in- 
crease more rapidly than the stresses. For any given mate- 
rial subjected to gradually increasing straining action there 
is found to be a certain limit, more or less clearly marked, 
vithin which the stresses are sensibly proportional to the 
strains, and beyond which that proportionality sensibly 
ceases. The intensity of stress corresponding to that limit, 
or stress per unit of area when that limit is reached, is called 
the elastic strength of the material, A bar subjected to 
straining action producing that intensi^ of stress, is said to 
be strained to the elastic limit. 

Thus, for iron and steel it is found that the ratio of the 
stresses and strains is approximately constant, and there is 
no considCTable permanent set, so long as the intensity of 
stress does not exceed from ^ to ^ of the breaking stress. 
We may place the elastic strength for new bars between these 
limits. The condition that a machine or structure should 
suffer no permanent deformation enables us to fix on the 
intensity of stress corresponding to the elastic limit, as the 
maximum stress which should in any case be permitted. 

It has been inferred that if a tnachine part is subjected 
to a steady load, whose amount can be exactly determined, 
it will be sufficiently strong, if the intensity of stress due to 
that load is less than the elastic strength of the material 
But that if the straining action can be only partially deter- 
mined, or if the straining action is variable, then the stress 
corresponding to that straining action must be less than the 
elastic strength of the material 

Although this nile appears at first sight tolerably definite, 
it is more vague than is desirable. Admitting that for any 
given bar there is a tolerably well marked limit of stress, 
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below which the ratio of the stresses and strains is very 
nearly constant, and beyond which that constancy markedly 
ceases, yet that limit is not a fixed one, but appears to 
change with every incident in the life of the bar. Thus by 
straining a bar beyond the elastic limit, that limit is sensibly 
raised, and the more so, judging from such experiments as 
have been made, the oftener and the longer it has been 
overstrained. But it is not clear that the safe working 
resistance is thus increased. So again it is probable that 
straining a bar in tension alters its elastic limit for com- 
pression. The amount of variation of the elastic limit 
which thus occurs and the limit of that variation are un- 
known. The most that can be concluded at present is that 
for a perfectly steady load the stresses corresponding to the 
elastic limit, as ordinarily understood and determined, are 
proved by experience to be safe, and that in other cases the 
stress must be less, in a proportion more or less dearly indi- 
cated by the iactors of safety which experience has led con- 
structors to adopt. 

Safe Working Intensity of Stress.— If the stress corre- 
sponding to the elastic limit is divided by the factor of 
safety, we get the permissible working intensity of stress-, 
due to those straining actions, which are taken into accoifot 
in estimating the strength of the structure. Although this 
is usually termed the greatest safe intensity of stress (or for 
brevity greatest safe stress), it is, in most cases, less than the 
real intensity of the stresses induced by the actual straining 
actions. The resistance corresponding to the greatest safe 
intensity of stress may be termed the working strength of 
the piece. 

zo. Ultimate Stretch. — If die straining action on a bar 
is gradually increased till the bar breaks, the load which 
produces fracture is called the ultimate or breaking strength 
of the bar. Ultimate strength is for different materials more 
or less roughly proportional to the elastic strength. Now 
experiments on ultimate strength are much more easily made 
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than experiments on the elastic strength, and the results are 
more definite. For most materials there are more numerous 
experiments on ultimate than on elastic strength ; and for 
certain forms of machine parts only experiments on ultimate 
strength are available. Thus we know nothing, either theo- 
retically or experimentally, of the elastic strength of cylin- 
drical boiler flues, but only that at a certain limit of strain- 
ing action they collapse altogether. In such a case, we may 
ensure the safety of a structure by taking care to multiply 
the actual straining action by a iactor sufficiently large to 
allow, not only for unforeseen contingencies and the neglected 
causes of straining action, but also for the difference between 
the elastic and ultimate strength. The actual straining action 
multiplied by this factor, which is still termed a factor of 
safety, is then equated to the ultimate strength of the struc- 
ture. The value of the factor of safety must, as in other 
cases, be determined by practical experience. There is as 
yet no theory of the resistance of materials in circumstances 
in which the stresses are not proportional to the strains ; but 
in all cases of ultimate strength the limit has been passed 
within which that proportionality continues. Hence, in 
determining the ultimate strength of structures, we are de- 
pendent on empirical formulse, derived from experiments 
necessarily extending over a limited range of cases. In 
applying such formulas to cases beyond the range of the 
experiments there is always a doubt whether or not they are 
strictly true. For this reason it is less satisfactory to deter- 
mine the strength of a structure in this way, than to examine 
the relation of the load to the elastic strength. 

2 1 . On the Peculiar Action of Live Loads. — The researches 
ofWohlcr, since repeated by Spangenberg, show that the safety 
of a structure, subjected to a varying amount of straining 
action, depends on the range of variation of stress to which 
the structure is subjected, and on the number of repetitions 
of the change of load. It has been, hitherto, assumed that 
it depends only on the maximum intensity of the stress ; 
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but this must now be considered to be eironeous. Every 
machine, lubjected to a constant variation of load, must be 
designed to resist a practically infinite number of changes of 
load. In order that it may do so, the greatest intensity of 
stress must be less than for a steady load, and less in some 
ratio which depends on the amount of variation the stress 
undergoes in its successive changes. 

A steady load has already been defined as one which 
remains invariable during the life of the structure. Let the 
intensity of stress required to fracture a given material, under 
a steady load, be denoted by k, so that k is what is com- 
monly termed the breaking strength of the material. In 
designing a machine part to sustain a steady load, the 
greatest safe stress is generally taken at about ^ to ^ k. 
With a live or variable load, it has been usual to take a 
higher factor of safety, and to restrict the working stress to 
^ or ^ K, or to some other limit, ascertained by practical 
experience in special cases. Wohler's researches show that 
this is not a scientific way of dealing with the question. 
Suppose that under the action of the live load the stress 
varies from <r aan. to <r min-i And that the range of variation 
= ^ = a„ax. — "ana. In usiug this expression, if tensions 
are reckoned positive, pressures must be reckoned nega- 
tive, so that if the two stresses are of different sign, the 
range of stress is equal to their sum [a nix. — {— a „„!.) 
^ " max. + " min.]- Let the number of changes of load be 
indefinitely great Then Wohler's researches show that 
fracture will occur, for some value of a nai. less than k, 
and so much smaller, the greater the range of stress A. 
Hence, in designing a structure for such a varying load, the 
ultimate strength is to be taken at some value k less than K, 
which is to be determined with reference to A. 

For example, Wohler found that a bar was equally safe 
to resist varying bending, and tensile straining actions, 
repeated for an indefinite time, when the maximum and 
minimum stresses had the following values : — 
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For IVnmght Iron. 



In tension only 18713 to 31 18682 

Intension and compression altematelj , 8317 to -8317 16634 

For Call Sleet. 

In tension only 34307 to 11436 22871 

In tension and compression alternately > 12475 '" ~ 1^75 H950 

These experiments are sufRcient to show that the greatest 
safe stress depends very much on the range of variation of 
sitress, beii^ much greater when a bar is subjected to stress 
of one kind than when subjected alternately to stresses of 
opposite kinds, and in both cases being less than for a steady 
load with no variation. 

.Unfortunately, Wohler's experiments, although extensive; 
do not fiimish decisive rules for practical guidance. They 
afford an explanation of the apparently high factors of safety, 
which, in certain cases, experience has shown to be neces- 
sary, but they are not complete enough to indicate precisely 
the factor of safety to be chosen in different cases. Nor 
indeed could rules be obtained, without the most careful 
comparison of the results of researches, of the kind begun by 
Wohler, with the actual stresses found to be safe in practice, 
in a great variety of cases.' 

Let, as before, k be the breaking strength per unit of 
section, for the given material, and for a load once gradually 
applied. Let i mai. be the breaking strength for the same 
material subjected to a variable load ranging between the 
limits^ nuix. aJid ± ^ min., and repeated an indefinitely great 
number of times, i min is + if the stress is of the same 
kind as k aax. ^ad k, and — if the stress is of the opposite 

' Wohler's experiments agree with and confirm the earlier e^iperi- 
ment of Sir W. Fairbaim, communicated to (he Royal Society, on the 
effect of continuous changes of load on a rireted girder. 
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kind, andit is supposed that i min. is not greater than k „«. 
Then the range of stress is A = inm, + ^4 mm.i tlie upper 
sign being taken if the stresses are of the same kind, and 
the lower if they are different Hence A is always positive. 
Then Wohler's experiments appear to suggest a rule of 
the following kind, for the relation between K and k „,«. 



*iiiax. = — + N/K^-ftilK. 

If A = o, we get k mil. = K, the load being then a steady 
one. Further, by choosing a suitable value for «, we can 
make the decrease of k omx. for increasing values of i corre- 
spond with the observed values in Wohler's experiments. 
For iron and Steel the average value of n appears to be 
about 1-5. 

The special cases most useful to consider are the fol- 
lowing : — 

(i.) The load is invariable ; then A = o. 

(2.)'The load is entirely removed and replaced. Then 
i ,oin, = o and A = 16 max. 

{3.) The stress is alternately a compressive and tensile 
stress of the same magnitude. Then imai. and — k mia. are 
equal in magnitude, and A = 2 £ „»!. 

For these cases the formula gives the following values : — 
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Putting « = 1-5, we get, in Case 1, k^a. = k; in Case 2, 
k asa. = 06054 K ; in Case 3, kam. = i K. 

I^unhardt has proposed a formula of a somewhat dif- 
ferent form, which is discussed in Weyrauch's ' Dimension- 
berechnung.' In determining the values of the constants 
for Launhardt's formula, Weyrauch obtains from Wohler's 
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experiments the following values for the breaking stresses 
with indefinitely repeated loads in the cases given above : — 



Wroughl iron . , . . 45,000 30,000 15,000 

Krupp's axle steel . . . 84,600 46,500 35,000 

We shall obtain almost exactly the same values by taking, 
in the foimula above, ra=i ■42 for wrought iron and« = i'66 
for steel, — values which do not differ greatly from the mean 
value assumed above. 

The stresses thus obtained, being breaking stresses, 
mnst be divided by the factor of safety to find the safe 
working stresses. For suth stmctures as bridges, Weyrauch 
selects 3 as the proper fiictor of safety, and the same factor 
would appear to be sufficient for machinery in cases where 
the actual straining action is known. Where contingencies 
have to be allowed for, a larger factor must be taken. Thus 
wrought iron under a steady load may be loaded up to 
15,000 lbs. per sq. in. With a load alternately replaced and 
removed, the stress should not exceed 10,000 lbs., and with a 
stress constantly reversed, as in the case of axles, the stress 
should not exceed 5,000 lbs. 

21a. Fatigue of Materials. — In many cases materials 
are subjected to impulsive loads, and a gradual deterio- 
ration of strength is observed. Thus a crane chain some- 
times breaks while carrying a load which it has often 
before carried safely. In part, this deterioration of strength 
may be due to the ordinary action of a live or repeated 
load; but it appears to the author to be more often 
due directly to the gradual loss of the power of elonga- 
tion, in consequence of the slow accumulation of the per- 
manent set Suppose a crane chain carrying a load, w, 
surges, so that the load falls a distance A, and let the elonga- 
tion of the chain under the action of this impulsive load 
be /. Then the work done by the load in falling is w (A + /}. 
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The wmk absorbed in dongating the chain is Jtfi /a, where 
A is the area of the section of the chain, / is the maTimnm 
intensity of the stress induced, and Jt is ^ constant, which 
would be -^1 if die stress^ were within the elastic limit, but 
which lies between ^ and i, if / exceeds the elastic resist-' 
ance. £qiiating these, we get — 

w (A+O = >>/a 

' */A ' 

Hence, iT^ is not small compared widi ^ the stress/ will be 
greater, the smaller the elongation of the chain /. In a new 
cbain,/will include the permanent set as well as the elastic 
el<mgati<ML In an old chain, which has already elongated 
pennanendy, and dius become less tough, the power of 
elcHigation before fracture is diminished. HeLce the stress 
/ induced by a load w (capable of producing stresses scnne- 
what bqrond the elastic limit) increases fc^ any given chain 
as the chain gets older, and may ultimately readi the tveak- 
ii^ stiess. It is beUered that annealing a ciane chain 
lestCMVS its power trf" donation and its original power of 
resisting impnIsiTe loads. The tenn/a/^tie, which has been 
stnoeiriiat loosely ap[died to various kinds of deterioradoo 
of resislance, may be conveniendy restricted to this, which 
is a ronoveable deterioration. 

22. Stmitm^ Aditm due to Power traaim^ted. — When 
HP txHses* powa are transmitted throuf^ a link or connectii:^ 
rod moving with velod^ r, in ft. per second, the straining 
(aax, parallel to the axis of the rod, due to the worit trans- 



Tbeie w3l be in this case other straining actions, due to the 
reactions of the supports of the link, if the link is not 
moving paral lr* to its axis. 
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IVhen HP horses' power are transmitted through a rota- 
ting piece, making n revolutions per second, or n revolu- 
tions per minute, the twisting moment, about the centre of 
the piece, is given by the equation 

M = 55° HP ^ ^^^^.^ HP .^^ jjj^ 

Or if N = revolutions per minute, 

H = 6 1034 — inch lbs. 

Straining Actions due to Variations of Velocity. — When a 
heavy body is accelerated or retarded, straining actions are 
produced, due to its inertia. If w lbs. acquire an increase 
of velocity d v,\a. the time.//, the acceleration estimated 
in lbs. weight is 

o^ ^ 
^ g' df 
Graphic Method of determining the Stress due to Inertia. — 
In most cases the algebraic expression of the velocity of 
machine parts is rather 
complicated, but .it is 
easy to draw a curve 
representing very ap- 
proximately the velocity 
^ at any instant. Suppose 
such a velocity curve, 
having for abscissa the 
distance moved, and for 
ordinate the velocity, to 
have been drawn. Then 
the acceleration per unit 
of mass at any point of Ae path is the subnormal of the 
velocity curve at that point 

Thus, let Ox be the path of a heavy piston, and let Obx 
be the velocity curve; that is, when the piston has m^ved 
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through a distance Oa, let ab be the velocity. If now the 
normal bd is drawn to the curve, m/ represents the accele- 
ration per unit of mass, at the moment the piston is at a, 
and \iad\s twisted to the position of, cis a point in a curve 
representing the accelerations. The scale of the acceleration 
curve is the same as the scale of the velocity curve. The 
normal bd is easily drawn with sufficient accuracy by using 
a straight edge and set square. If W is the weight of the 

W 
piston, and p is the ordinate tu, then —p is the total 

acceleration. This is the straining action due to inertia 
mentioned in the last paragraph, and is + or — according 
as the motion is accelerated or retarded. This construction 
is due to Dr. Proll. 

Straining Effects due to Change of Direction of Motion.— • 
When a mass is forced to move in a curved path, it 
exerts, in consequence of its inertia, a force equal and 
opposite to the constraint which deflects it If a mass 
of weight w moves in a circular path of radius r, with 
the angular velocity a, its centrifugal force, which is equal 
and opposite to the force deviating it, is 



23. Resilience. Resistance to Impulsive Loads. — The 
quantity of work expended in deforming a bar (provided the 
stress does not exceed the elastic limit) is equal to the pro- 
duct of the deformation, and the mean load producing it 
Thus, if a bar is elongated or deflected a feet, by a force 
gradually increased from nothing to p, the work done in defor- 
mation is a X ^ in ft lbs. w pounds moving with velocity 
V have — . —ft lbs. of work stored in them. Hence the 
relation between the impulsive load and the resistance of 
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the bar, when the directioD of the impulse coincides with 
the direction of the deformation, is 

If a bar is tmsted, the work done is equal to half tlie 
twisting moment, multiplied by the angle of torsion. 

The work done in defoiming a bar up to the elastic limit 
is termed the resilience of the bar. 
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Physical Constants for Ordinary Materials. 

24. The Table given on p. 33 shows the elastic strength 
and ultimate strength of different materials, as determined 
by experiment, when the stress is simple tension, pressure, 
or shearing stress. The values given are average values 
selected from the most trustworthy esperiments.' In dif- 
ferent specimens of the same material, and even in different 
pieces of the same bar or plate, there are often considerable 
differences of elasticity and strength, and the judgment of 
the engineer must be relied on, in deciding how far average 
values of this kind are applicable in any given case. The 
first two columns of the Table relate to direct stresses pro- 
duced by straining actions normal to the sections con- 
sidered. The third relates to tangential stress produced by 
straining action parallel to the section. The elastic strength 
is that stress per unit of area at which the strains cease to 
be sensibly proportional to the stresses, and cannot in prac- 
tice be determined with great exactness. The ultimate 
strength is the intensity of stress at the moment preceding 
rupture, and this also depends in some degree 00 the manner 
of carrying out the experiment. The more rapid the loading 
of the bar, and the less vibration induced, the greater is the 

' The Tables of Grasbof, Rankine, Weisbach, KLrkaldy, and Reu- 
■leani have been consulted, in selectiog the values in this Table. 
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load carried before rapture ensues. Nevertheless, if the 
experiment is carried out with proper care, the breaking 
strength is a definite measure of the properties of the mate- 
riaL The elastic and breaking strength are expressed in lbs. 
per sq. in. 

A modulus of elasticity is the ratio of the intensides of 
stress and strain of some given kind, when the elastic limit 
is not passed. Thus the modulus of direct elasticit)- of a 
material is the ratio of the stress /, per unit of section of a 
bar, to the extension or compression, /, per unit of length, 
produced by the stress, when the bar is not subjected to lateral 
constraint That is, the modulus of direct ela5ticity= e =^ 

where/ is expressed in lbs. per sq. in., and / in inches per 
inch of length. The bar is supposed to be free laterally. 
The modulus of transverse elasticity is the ratio of the shear- 
ing stress q per unit of area to the distortion « j the dis- 
tortion being measured by the tangent of the difference of 
the angles of an originally square particle before and after 
the stress is applied. Hence the modulus of transverse 

elasticity = c = *. The ratio - for ordinary materials of 

construction is about % to %. 

25. Working Stress.— \t. has been pointed out that the 
working stress of a material must be less than the elastic 
strength, to allow for straining actions which cannot be taken 
into account, for imperfections of workmanship and for 
other sources of danger. The Table on p. 34 gives values of 
the ordinary working stress allowed in designing machinery, 
in which the load is of the nature of a live or varying load. 
Parallel with these have been placed theoretical values of 
the working stress in the following cases ; — (i) Structures 
subjected to tension alone ; (z) Structures subjected to 
compression alone ; (3) Stmctures subjected to both tension 
and compression of equal intensity. {See Art 21.) 
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Resistance to Simple Tension and Compression. 

zd. A bai is in tension or compression when the load 
acts parallel to its axis, and the stress on any section of the 
bar is uniformly distributed or not, according as the line of 
acdon of the load does or does not pass through the centre 
of figure of that section. Cases in which the stress is a varying 
stress will be treatedascasesof compoundstress. Atpreseht 
only cases of uniformly distributed stress are considered. 

Let AB, Ag. 5, be a section, of area a (in sq. ins.), on 
which a load p (in lbs.) acts, normally to the section. Then 

the intensity of normal or direct stress is/= - 

(in lbs. per sq. in.). If the section cd is not 
perpendicular to the direction of the load, let 
t* be the angle between the normal to the sec- 
tion and the direction of p. Then the stress 
on c D consists of a normal or direct stress 
A-"/ cos'e, and a tangential or shearing 
Stress /,=/ sin cos f): 

To detennine the section of a bar for a '*' '' 

given load p, a value must be selected from the preceding 
Tables for the working stress/ suitable for the material and 
the kind of loading to which the bar is subjected. Then 
the section of the bar normal to the direction of f is 




/ 



(■) 



Very long bars bend under the action of a longitudinal 
compressive force, and must be treated by special rules 

(§37). 

From the definition of the modulus of elasticity already 
given, it is obvious that the extension or compression /, of 
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a uniform bar of lengdi L in inches, is given by the 
equMion i^l^ (,^j 

where / is the intensity of stress on sections perpendicular 
to the axis of the bar, and E is the modulus of direct eks- 
ticity for the material of the bar. This equation ceases to 
be accurate if/ exceeds the limit of elasticity. 

IVork done in Extending or Compressing a Bar. — During 
the extension of the bar from t. to l+/ the stress increases 
from sero to / proportionately to the elongation. Hence 
the mean stress during tht: operation is \f, and consequently 
the work done in extending the bar is 

w=i/a/=i/'^ inch lbs. . . (xb) 

That is, for a given intensity of stress the work varies as 
the volume of the bar. The same formulae are appUcable for 
compression. The bar is assumed to be uniform in section, 
and not strained beyond the elastic limit 

Resistance of thin Cylinders to an internal bursting Pres- 
sure. — Consider a thin cylindrical shell of diameter d, length /, 
and thickness /, in inches, subjected to a unifomi internal 
pressure of / lbs. per sq. in. Let the cylinder be cut by a 
diametral plane abed, fig. 6. The resultant force p acting 
on either side of that plane =/ x area o ^ f </. Hence, 
p=^ dl. The molecular tensions which resist the bursting, 
force act sxab and c d, and are equal to the intensity of 
stress induced x area oi ab and c d.- 
Putting / for the intensity of tensile, 
stress, the total force resisting the 
bursting pressure is 2 ft L Equating 
the load and resistance 
2ftl=pdl 

If the cylinder consists of riveted plates, the section 
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ahcdshovAA be taken, 30 as to pass through the rivet holes. 
Then the area of the rivet holes must be deducted from 
2 tl, before equating the internal and external forces. If 
the cylinder is thick relatively to its diameter, the mean 
stress is unaltered, but the inner layers are more severely 
strained than the outer layeis. In that case the thickness 
necessary to resist a bursting pressure /, with a maximum 
intensity of stress / is found by Grashof to be 



-v/5^4 



^^) ■ ■ ■ •« 



it being assumed that/ is less than J/ 1ft is a small ratio — 
'=^ /(' """H) "^^ "^"'^ .... iza) 

In a thin spherical shell, the tension is half as great as in 
a thin cylindrical shell of the same diameter and thickness, 
exposed to the same pressure. 

In a cyhndrical shell the intensity of longitudinal stress 
is only half as great as the intensity of circumferential stress. 



Resistance to Bending. 

27. A bar is subjected to simple bending when the 
following conditions are fulfilled : — (i) The axis of the bar 
is straight ; the axis of the bar being a line connecting the 
centres of figure of parallel transverse sections; (2) The bar 
is symmetrical about a plane passing through the axis ; 
(3) All the external forces act in such a plane of symmetry 
normally to the axis. If these conditions are not fulfilled, 
the action of the straining forces is more complex, and 
some cases in which this happens will be considered under 
the head of compound stress. 

Consider the case represented in fig. 7, where, in the 
lower figure, the flexure is exaggerated for the sake of clear- 
ness. In this case, a bar originally straight, and having 
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transverse sections symmetrical about the plane of the paper, 
in which the bending forces act, is subjected to flexure, 
under the action of two equal couples of forces applied to 
its ends. Then the curvature from ;■ to rf is circular, and 
the effect of the bending is to lengthen the upper parts of 
the bar, and to shorten the lower parts. If the flexure is 
very small, so that the straining forces are sensibly parallel, - 
a plane normal to the paper, throt^h the axis of the bar, will 
divide the parts in tension from those in compression. The 




length of the bar measured along that surface will be unaltered 
by the flexure, and hence it is termed the neutral surface. 

The amount of the bending action, at any section ef oi 
the bar, is measured by the resultant moment of the straining 
forces on either side of that section, which is termed the 
bending moment Taking the forces to the left of ef, the 
bending moment is viy — vl^. The molecular stresses in the 
bar, developed by the external actions, form at any section 
a couple, whose moment is equal and opposite to the 
bending moment, and which is termed the moment of 

D,g,t,ioflb,GoOglc 



Strength of Materials. 39 

resistance of the section. The action of the molecular 
stresses is represented at ^f. The tejisions above and the 
compressions below the axis have resultants r, r, whose 
moment is Ri/. Equating this to the bending moment 

p(/,-/s)=Rrf . . . . (4) 
In other cases the action is a little more complex. 
Suppose the force p acts at the end of a bar (fig. 8) solidly 
fixed at the other end, and let it be 
required to find the straining action at 
ef. Equilibrium is not disturbed, if we 
introduce two equal and opposite forces 
p' p", in the direction ef. Then the 
action of p on the section ^/ is 
equivalent to that of a couple, p, p", 
and an unbalanced force p". The 
couple has a moment?/, which produces 
simple bending, and is in equihbrium 
with a couple formed by molecular stresses at ef, parallel to 
the axis of the bar, precisely similar to those described in 
the previous case. The remaining force p' produces a 
shearing stress on the section ef. The two actions are 
independent, and the bar must be strong enough to resist 
both the bending moment and the shearing action. In a 
large number of cases the amount of material necessary to 
resist the bending moment is much more than sufficient to 
resist the shearing action, so that the latter may be left out 
of consideration. 

If several forces act to the left of ef, we may take their 
resultant, and then proceed as if only a single force required 
to be dealt with. 

It will alter nothmg in the conditions of the stresses of 
the bar in fig. 7, if we suppose it to form part of a longer 
bar bent to a complete circle of the same curvature, by the 
action of the external forces. It can then be seen that fibres 
originally straight in the unstrained bar become coaxial 
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circles in parallel planes in the strained bar, and plane trans- 
verse sections become plane radial sections, across which 
there is no shearing stress, but a bending moment only, the 
resultant of the tensions and pressures of the fibres. 

I*t p be the radius of the layer of fibres which are 
neither extended nor compressed by the bending of the 
bar. Then the length of all 
the fibres before bending was 
2 r p. After bending a fibre 
, at radius, p+y has the length 
2 r {p+y), and its extension 
(or compression if _y is nega- 
tive) is 2 Try. Assuming the 
formula in § aS, the stress/ 
due to this extension is given 
by the equation 







2ir> 



6'p. 



Hence / = ?-^ 

P 
The total stress on an element of area a, at radius p+y, is 

t>ieiefore/a=^^, and the total stress on the whole sec- 

P 
tionis2 f^^\ But since the pressures and tensions 
across the section form a couple, 

or since — ■ is a constant, 
P 

Zya ^o. 

This equation is only true if the distances y are 
measured from a line passing through tlie centre of figure 
of the section. Hence the neutral axis of the bar passes 
through the centres of figure of the cross sections. 
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The moment of the stress /u about the neutral axis of 

the section is /a^y = ^i^—. The total moment of the 

couple formed by the tensions and pressures at the section 

is 2 ( -^ ■) or -'Lay\ Now thequantity 2j_j'* is known 

v. P / P 

as the moment of inertia of the section, and is usually 
denoted by the symbol i. Hence, putting h for the moment 
of the actions producing bending on one side of the sec- 
tion, which are in equilibrium with the stresses at the section 



which expresses the relation between the bending moment 
and the curvature of the bar. Let/,^ be the tension and 
pressure at points distant y^ and y^ from the neutral axis. 
Then 

/.= -^. and /„= V«- 
Therefore 

y^ y<. 

_/5=Mi' and ff = K??. 

It is generally necessary to find the greatest tension and 
pressure in the bar, and we must then take for y^ and y^ the 
distances of the parts of the bar farthest from the neutral 
axis on the extended and compressed sides. Then the 
quantities — and — may be termed the moduli of the sec- 

y, y„ 

tion with respect to tension and pressure, and putting z, and 
z„ for these moduli, the equations may be more simply 
written 

M=/,Z,=/,Z^ 

28. Let M be the moment of the external forces on one 
side of any transverse section, or bending moment, estimated 
relatively to the section. 
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Z=the modulus of the section, that is a function of the 
dimensions of the section, which is proportional to the 
moment of resistance of the section. The value of z for 
various sections is given in the following tables. 

ff and^=the greatest safe working stress in tension and 
compression for the material of the bar. Then the bar will 
be safe, if 

M is not greater than^z 1 
and also is not greater thanX^ / 

If we put/z for the lesser of the two values of the moment 
of resistance, the bar will be of adequate strength when 

M=/Z (S) 

and the greatest stress due to bending is 

/=" (') 

■it). When the section is not symmetrical about the 
neutral surface, z has two values, z' corresponding to the 
part above, and z" to the part below the neutral surface. 
Then two cases arise : — 

(i) The part of the bar above the neutral axis in 
tension, the part below in compression 

Moment of resistances^, z' or f^ z". 

(2) The part of the bar above the neutral axis in com- 
pression, the part below in tension 

Moment of resistance =/5Z' ot/,z". 

The smaller of the two values is to be taken in either 
case. If the straining forces act successively in opposite 
directions, the least of the four values is the effective 
moment of resistance. 

In many cases, bars subjected to bending are necessarily 
uniform in section. Then it is only necessary to consider 
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Table III. — Bending Moment and Shearing Force corresponding to 
different Loads and for different modes of Support. 



Beams fixed at One End. 



•^ 



Beams supported at Both Ends. 

-J--*-J -. 



'W 



1 — ^ 



w=4-t 



Ivt, 



4^ Londm 
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Working 
[ivMims- 


Gnuea 

^<aring 


w; 


w-/i 




»/> 


"=-^J 


-1 



nnnoAnnoo 



cributcil ioaiT 



,t-'--'-^ 


'1 (^ # 


% <^ f 





3^w/ 


3 ' 




s 


-f 


1 


mi' 


•■%■ 


1 


"n 


"* 


1 



Gnatstboid- 



Ihe greatest bending moment, and to design die section of 
the bar for that moment. In other cases, the bar varies in 
section, and the moment of resistance at each section must 
be, at least, equal to the bending moment at that section. 
The section at which the bending moment is greatest is 
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sometimes termed the dangerous section. The Table on 
P- 43 gives, for various loads and modes of support, the 
greatest bending moment ; tlie position of the dangerous 
section ; the greatest shearing force ; and the working load 
corresponding to a given moment of resistance fz, at the 
dangerous section. • 

30. Continuous Beams. — When a beam rests on more 
than two supports, the ordinary statical conditions of equi- 
librium do not suffice to determine the reactions of the 
supports. Recourse may then be had to a relation due to 
Clapeyron, which is termed the Theorem of three moments. 
Let fig. 9 represent two consecutive spans of a beam resting 

M, X M. 

j^ Jlj^ ^ Ij- M* 



on several supports, at the same level ; let /,. /„ be the 
lengths of the spajis ; a*,, Wj, the loads per unit of span; 
Ml, M, Mj, the bending moments over the supports. Then 

S (/,+/,) M+4/iM|+4/gM3=a',/,'+a'j/g» . . (7) 
This theorem furnishes, for a beam of n spans, «— i equa- 
tions. In addition to these, the condition that a beam 
simply supported at the ends, has no bending moment at 
the ends, furnishes two additional equations, m„=o, Mn=o. 
There are then « + i equations, to determine the n + i 
bending moments at the points of support By then 
reversmg the ordinary process, the reactions can be found, 
fi'om the bending moments and loads. The following are 
some of the simplest results of applying this theorem to 
beams uniformly loaded with w lbs. per inch run. 

Beam of 2 equal spans %wl; ^■ml\\wl. 

» 3 » . . -ft«'';«ar/;tt«'/;IV"'^• 
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Table lV.—Arta and Modulus of different forms of Section. 

The plane of bending is supposed parallel to the side of (he page. Where 
two values are given far the modulus, t is applicable to (he upper 
part, a" to the lower part, of the section, 

'^f. Modulus of KOionZ 






<LJ* 
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31. Relative Economy of differatt forms of Section. — The 
weight of a bar is proportional to its sectional area, its 
resistance to bending to its section modulus. Of two bars 
of different forms, subjected to the same loading, that will be 
the more economical of material which, with a given value 
of the modulus of resistance 2, has the lesser sectional area 
A. Hence, the more economicil the form of the bar, the 
greater will be the ratio — 

In a prismatic bar, of circular or rectangular section, only 
the material at the extreme top and bottom of the section is 
folly strained. Nearer the neutral surface the material is 
less strained, and at the neutral surface it is not strained at 
all by the direct stresses due to bending. Such a bar would 
be made stronger, by removing some of the material from 
the neighbourhood of the neutral surface towards the top 
and bottom of the section. We thus arrive at the excellent 
form of section known as the 1 or double T section. The 
material is chiefly collected in the top and bottom flanges, 
which bear nearly the whole of the direct stresses due to 
bending ; the remainder forms a vertical web, whose chief 
function is to resist the shearing actioa 

32. Flanged Sections when bdth Flanges are strained to the 
iVorkitig Limit. — In order that the stress at the stretched 

edge of the bar may be at the working limit of tension, 
and the stress at the compressed edge may be at the working 
limit of pressure, we must have 

/^'=/.2" (8) 

where z' is the modulus, corresponding to the part in 
tension, and z", that corresponding to the part in compres- 
sion, and/u fg are the working intensities of tension and 
pressure resistance. If/,=^ then /^z", or the modulus 
must be the same, both for the upper and lower parts of the 
section, and this will be the case when the section is sym* 
metrical about the neutral surfece. 
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If^ andy^ are not equal, both edges cannot be fully 
strained when z'^z", and the material is not used in the 
most economical way. In that case, it is better to adopt a 
section unsymmetrical with respect to the neutral surface'. 

Let a, be the area of the tension flange, a^ 
the area of the compression flange, and a the 
area of the web of a beam of x-shaped section. 
Let h be the depth, measured from centre to 
centre of the flanges. Then the required con- 
dition is nearly fulfilled, when 



7 ando 



■(9) 



Further, if f is the total shearing action, and /, the safe 
shearing stress, the strength of the web is sufficient when, 



. (.0) 



/. 

For practical reasons, especially in cast beams, a has ofien 
to be made of larger area than is given by this equation. 

In the foregoing equations the resistance of the web 
to bending is neglected. If this is taken into account 
tve get the following equations, which are taken from 
Rankine : — 

Case I.— :^ greater than/„ is in cast iron. 






. (.,) 



Case II.— ;/i greater than _^, as in wrought iron and steel 
«,=-/' at t-^^ a • • ■<«) 

and the moduli of the section are in either case ■ 

z,=hla,-\- r3--^']||for compression; 
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-f-YU 



^-'["^ {--%¥ 



Lastly, the moment of resistance which is to be equated 
to the bending moment is 

In consequence of the tendency in wrought iron beams to a 
vertical or lateral buckling of the compressed flange, the 
working stress, in compression, is sometimes taten fths less 
than the working stress in tension. In cast iron, the working 
resistance, in compression, may be taken three to four times 
as great as the resistance in tension. 

33- Distribution of Bending Moment and Shearing AcHon. 
• — When the magnitude and position of the greatest bending 
moment and shearing action are known, the bending moment 
and shearing action, at any other point, can often be found 
very easily, by a simple graphic construction. Let o a be 
equal, on any scale, to the span of a beam. If, at any 
I point, a, a perpendicular is erected, and 

'"l''^^ a i is made equal, on any scale, to the 
I bending moment at the section of the 

« ^ X beam which corresponds to a, b is a. 
R|- "■ point in a curve, termed the curve of 

bending moments. Similarly-, M a b were made equal to the 
shearing action at a, then b .would be a point in a curve of 
shearing action. The curves might be constructed, by finding 
the moments and the shearing actions at a sulhcient number 
of points, setting them off on a diagram in the way just 
described, and then connecting the points of the curve, so 
found, by a line. In the simpler cases of loading, however, 
these cunes can be more simply constructed. When the 
curve (which in some cases becomes a straight line) is drawn, 
(he moment, or shearing action, at any point is obtained by 
scaling off the ordinate corresponding to that point. The 
following Table (p. 51) gives the form of the curves of 
bending moment and shearing action, in the simpler cases. 
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BfDding SheiriniE fbrce 



ICPT 



Parabola, 
with veitei 

BAd Straight 




Broken line Brdcen line 




Obtained by adding ordi- 

nales due to each 

sepaiale load 



«»ji-^"-S^ 



?P=^ 



2di 



The cases given in tiiis Table should be compared with the 
corresponding cases in Table IIL 
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34, Beams of Uniform Resistance to the direct Stresses 
due to Bending. — Except in one special case, the bending 
moment varies at different points in the length of the beam. 
At the point where the bending moment is greatest, the 
section must be designed for that maximum moment For 
practical reasons, it is frequently necessary to make the 
beam, or bar, unifonn, and then the section where the bend- 
ing moment is greatest determines the section of the rest of 
the bar. In other tases, the section of the bar may be 
diminished in parts where the bending moment is less, and 
roateiial is then economised. The best distribution of 
material, so far as the direct stresses are concerned, is that 
which ful61s the condition ' 

"=/z (13) 

for every transverse section, m being the bending moment 
at any section, and z the modulus of that Gcction. Beams 
so designed are often termed beams of imiform etrength. 
The theoretical form thus obtained requires, in some cases, 
to be modified for practical reasons. Approximate fonns 
fulfilling the necessary conditions are given with the theo- 
retical forms in the following Table. Table VI. gives some 
examples, partly selected from Reulcauic 
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Table Vl.— Forms of Beams of Unifer. 



.,g,t,ioflb,GoogIe 



Strength of Materials. 




Rectangle . 
of unifom) 

depth and 



Beams st;pK>RTBD at e 




Rectangle 
of uniform 
breadth, 







16/ 



RectangU 
□f uniform 



.,g,t,ioflb,Google 



Machine Design. 









Fonnof 


Bounding 


Equation Tor 1 


IX. 


1 

1 

1 

a 




(Load, ic 

il.Ch.S- 

formly 
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A beam, supported at each end, is equivalent to two beams encastre 
(It the point where the bendiiig moment is greatest. The forms given 
for beams encasiie at one end, may be used for each s^ioent of ». beam 
supported at both ends. 



Resistance and Deflection of Springe. 

35fl. Straight Springs. — The best form for a straight 
Spring, or that which gives the greatest deflection for a given 
strength, is the form shown in Case VI. Table VI., the 
greatest depth, k, being at the centre, where the load is 
applied. The breadth is uniform. Let / be the length of 
the ^ring, h its depth, and b its breadth, in inches. Let p 
be the force acting on the spring, and I the deflection due 
to P 

where E is the modulus of elasticity of the material. The 
deflection should not exceed ^gth of the length. 

Spiral Springs. — Let r be the radius of the cylindrical 
surface passing through the centre of the coik of the spring ; 
« the number of coils; d the diameter of the wire of 
which the spring is made; c the coefficient of transverse 
elasticity of the material; /the greatest safe shearing stress; 
w the load acting axially, and not exceeding the greatest 
safe load ; o the extension or compression due to w; w, the 
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greatest safe steady load, and ^i the coiresponding extension 
or compression. Then, according to Rankine : — 

"-* ad* 
w,= o-i96/rf' 

t2-K66n/rt 

Values of G are given in Table I. 

Resistance to Shearing, 
35. An action which causes sliding parallel to the sec- 
tion considered is termed a shearing action. Thus, the 
pressure of the cutting edges of an ordinary 
shearing machine, fig. iz, induces a shearing Mi 

stress in the plane a b. The mean intensity ^ y 

of the shearing stress is the shearing force p, r — ^"^ 1 

divided by the area a of the section aboi the \ j \ 
bar. In the case shown, the forces p p act f i 

exactly in the plane of the section, and the Ip' 

shearing stress is uniformly distributed, and 
' at all parts of the section=F-t-a. But if the ^"^ "' 
forces p p do not act exactly in the plane of the section, 
the bar tends to bend as well as to shear (fig. 13). The 
effect of this is to alter the distribution of the 
shearing action at all sections between a 
and b. Near the middle of the section the 
shearing stress is greater than the mean 
shearing stress, and at the upper and lower L 
boundary of the section it becomes zero. 
A rivet connecting two plates (fig. 14) is 
almost always in shear, and a bolt is very _ 

often so. A cotter or key is similarly intended 
to resist shear. In these cases, the shearing forces do not act 
in the plane of the section be, but along the centres of 
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the plates connected. In consequence, however, of die 
rigidity and friction of the edges ab and cd of the plates, 
the points of application of the 
forces p p' on the surface of the 
• rivet may very nearly approach 
the plane be, and then the 
shearing stress is unifonnly dis- 
tributed on be. If, however, 
F'o- '4. the rivet fits very loosely in the 

rivet holes, fig. 15, the rivet bends and the distribudon of 
stress becomes more or less unequal. For rivets, it is usual 
to assume [hat they fit their holes 
tightly, and that the shearing stress 
is simply /=p-^<i. But for bolts 
and cotters, it is safer to assume 
that the stress is unequally distri- 
buted, and the maximum stress may 
then reach the values 




/.= 



- if the & 



s rectai^lar and p perpendicular to 



=- - if the section is circular or elliptical. 

= g - if the section is square and p acts parallel t 
diagonal. 



Resistance to Torsion. 
36. A bar is subjected to simple torsion when two equal 
and opposite couples act upon it in two planes perpendicular 
to its axis, instead of being, as in the case of bending, in the 
plane of the axis. When the bar is, subjected to straining 
action of this kind, any two transverse sections rotate 
slighdy relatively to each other, and on any one transverse 
flection the stress is a simple tangential or shearing stress, 

dmhio:^, Google 



Strength of Materials. 59 

varying in intensity as the distance from the centre of the 
bar, where it is zero, to the circumference, where it is 
greatest Of the two couples one, p p', is usually due to 
motive forces applied to the bar. The other, p" p"', is. dutf 
to the passive reaction of the parts to which the bar is 
attached, or to the resistances which are being overcome. 
Further, of the two forces p, p', constituting the former 




couple, one of the two forces, for instance, p', may be due 
to the reaction of a support or bearing of the shaft, and it 
then acts at the centre of the shaft, as shown in the lower 
figure. 

The amount of straining action at any section ab, is 
measured by the moment of the couple on either side of the 
section. In this case that moment, termed the twisting 
moment, is t=pr. If several couples act on one side of 
the section, the algebraic sum of the moments of all those 
coufles is to be taken, right-handed couples being con- 
sidered positive, and left-handed couples negative. 

When the bar is kept in rotation overcoming aresistance, 
and the amount of work transmitted is known, the twisting 
moment is easily found. Let h p he the number of horses' 
power transmitted, n the number of revolutions of the bar 
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per minute. Then the work expended in inch lbs.- per 
minute is iz x 33000 x H p, and this is equal to the twisting 
moment T in statical inch tbs., multiplied by the angular 
motion 2 ir n of the bar in the same time. Hence 

1 2 X 33000 XHP, HP-LiL I -. 

T= "^^^ =63024— inch lbs. .(14) 

The moment of resistance of any section to twisting is 
proportional to the greatest stress at any part of the section, 
and to a fiinction of the dimensions, which is termed the 
modulus of the section with respect to torsion. Let J be 
the greatest shearing stress, and Z[ the modulus : — 

T=/Z, (15) 

For cylindrical bars of diameter d. 

For hollow cylindrical bars having i/|, d^, for outside 
and inside diameters, 

«■ d,*-d,* d,*~dJ 

For bars of square section, s being the side of the square, 

Z,=028l A 

It is sometimes necessary to know the angle through 
which one end of a bar rotates, relatively to the other end, 
that is the rate of twist when subjected to torsion. For a 
cylindrical bar, let d be the diameter, / the length and G the 
modulus of transverse elasticity ; then the angle of torsion is, 
in circulai n 



^=S^=-h ■ ■ ■ ■ (16) 

where / is the greatest actual stress due to the twisting 
moment Values of b are given in Table I. 
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Resistance to Combined Compression and Bending. 

37. When a bar, of inoderite length, is subjected to a 
thrust, acting in the direction of its axis, the stress on each 
cross section is a simple pressure. The working strengdi of 
the bar is given by the equation 

'.-A (r?) 

where Pi is the greatest safe load, a the sectional area of the 
bar, and / the safe working compressive resistance of the 
material. 

38. If, however, the bar is of great length, it gives way, 
ultimately; under the action of a thrust, by lateral bending ; 
the stress, at the section where fracture occurs, being a com- 
pound stress, due both to the longitudinal pressure, and the 
curvature of the bar. Rules for the ultimate resistance of 
long bars to compression were first obtained theoretically 
by Euler and experimentally by Professor Hodgkinson. 
Hodgkinson's fonnulje have been very generally used 
in this country, in designing compression bars. These 
rules are inconvenient in form, and they can only be 
extended to many cases of common occurrence, by theo- 
retical assumptions, which are probably only approxi- 
mately true. An expression more convenient in form 
than Hodgkinson's was proposed by Gordon, and was 
afterwards modified by Rankine, so as to be applicable 
to bars of all forms of section. The reasoning on which 
this rule is based is, however, not satisfactory. All these 
mies are intended to give the ultimate strength of the 
bars, and in applying them it is necessary, to divide the 
resistance thus calculated by an arbitrary factor of safety. 
Actual compression bars are not intended to be loaded 
beyond their elasdc limit ; and hence it may be urged, with 
some reason, that the theoretical rules of Euler, which 
Hodgkinson discarded, as not agreeing with his experi- 
ments on ultimate strength, are more strictly applicable to 
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die cimnngtances in which compression bars are used, than 
Hodgkinson's rules. They are also simpler, and include all 
cases. Euler's rules assume the elasticity of the bar to be 
unimpiured. In that case, no increase of the load would 
directly cause bending, but a point is reached at which the 
equilibrium of the bar becomes unstable. With less loads, 
the bar, if bent, will restore itself to straightness by its 
elastic resistance to bending; with greater loads, it is unable 
to do so, and if any Hexure is produced, however slight, that 
flexure will be increased by the action of the load, until the 
bar breaks. The greatest load for which the bar remains 
stable, is the measure of the strength of the bar. The work- 
ing load may be-th of the load thus calculated, where «isa 

factor of safety. 

Let £ be the modulus of direct elasticity of the material 
of the bar; I, the moment of inertia of the section of the 
bar, estimated with respect to an axis passing through the 
centre of gravity of the section, and at right angles to the 
plane in which the bar most easily bends; \ the length of 
an arc of the curved bar, measured between two points of 
contrary flexure. Then 

'=4' (■«> 

where p is the greatest load, consistent with the stability of 
the bar. The greatest safe load is 



{■9) 



where n=$ for wrought iron, 6 for cast iron and lo for 
wood. 

Let z be the smallest modulus of the section of the bar, 
values of which are given in Table IV. ; r the distance from 
the centre of gravity of the section to the edge of the bar, 
measured parallel to the plane of bending 

I=zr (ao) 
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Moment of Inertia=I = 

For a circular section (diain.=(f) 00491 (^ 

For an annular section (diams.=</|, d^) . 0*0491 (<//— d^*) 

For a square section (length of side =j) -f^s* 

For a rectangular section (longer side 6, shorter A) .-^b^ 
For a cross-shaped section (Fig. XI. Table IV.) 
if bending is parallel to h '^(^k'-b^) 
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Table WU.— Strength of Long Compression Bars. Crealtst 
Load consistent ivitk Stability. 



Both ends free, but 
guid«d in the di- 
lectioD of the load. 



One end fixed, the 
other free, and 
guided in direc- 
tion of the load. 



I 



Both ends fixed ii 
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39. In applying the above rules, it is assumed that the 
length is so great that Pj<Pi. For bars of moderate length, 

A. is less than 24 dor 2%h for wrought iron ; 
,, „ 10 ■/ or rr^ A for cast iron; 

„ „ I i^i/ or 13 A for wood; 

the rules in Table Vn. are not appUcable. The following 
empirical rules, suggested by Grashof, may then be used : 
For a bar free at both ends as in Case II. 

the lesser value given by these equations is to be taken. 
For a bar fixed at both ends as in Case IV. 

. ' CA/»-4l CA/»-4l ^ ' 

In these equations a is the sectional area of the bar per- 
pendicular to the axis ; I is the moment of inertia of the 
section about an axis through the centre of gravity, and 
perpendicular to the plane in which bending is most likely 
to occur ; / is the length, and the other quantities are con- 
stants, the values of which are given in the following table. 
P3 is the greatest safe load, the lesser of the two values 
being always taken. 

C= 4,-- i^^ 

Steel . , , -00009 14220 14220 

Wrought iron . -00009 8500 8500 

Cast iron . . 'O0027 2840 11 360 

Wood . . 00022 850 700 

40. Resistance of thin cylinders to an external collapsing 
pressure. — When a thin cylinder, rigidly supported at the 
ends, is subjected to a uniform external pressure, it gives 
way by buckling, or collapse. There is, at present, no theory 
of this mode of yielding, but experiments were made by 
Sir W. Fairbaim, from which the following rules were 
deduced. 
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Let t be the thickness, d the diameter, and / the length 
between the rigidly -supported ends of a cylinder, subjected 
to a uniform external pressure of p lbs. per sq. in.' Then 
collapse takes place when 

/=9,67Z,ooo^ (22) 

This can only be solved by logarithms ; and in a logarithmic 
form the equation becomes 

log.^=6-9855 + 2'i9log. ^-log. {Id). . . (23) 
All the dimensions are in inches. A formula, which is 
probably still more reliable, was deduced from the same 
experiments by M. Love. His formula is 

;'=S.358.iS»^+4i9o6^ + i323^. . . (2^) 

The limits of length for which these formulae are applicable 
are not known. The factor of safety may be 6 or 8. 

40a. The author has recently re-examined ' Sir W. 
Fairbairn's experiments, and has found that the lengtli of 
the tube influences the number of segments into which the 
circumference of the tube divides in collapsing. When this 
is taken into account the laws of collapse are found to be 
related to those of the resistance of long columns. The 
following are the formulse- arrived at. 

For tubes with a longitudinal lap joint — 

#=,,363,ooo^ji^ (■) 

For tubes with a longitudinal butt jomt — 

/=9,6i4,ooo-^-- (2) 

For tubes with longitudinal and cross joints like ordinary 
boiler flues — 
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The last formula is the one most often applicable in 
practice. As it is not in a very convenient fonn for calcula- 
tion the following may be adopted; 

id /J y 

Then if the following values are given to the variable 
co-efficients a, l3 and y, the collapsing pressure is found 
approximately by a simple calculation, and logarithms may 
be dispensed with. 



When /lies} 
between 1 

When /lies J 
between 1 


Oo6i 

and 
0-087 
0'40 
0399 

and 
0483 
07s 


0-087 
and 
0-II9 

and 


and 
0-159 
0-50 

0-682 
0-85 


OIS9 

and 
0206 

and 
0-800 
0-90 


0-Z06 

and 
0-261 

0-60 
o-Soo 

0-931 

0-9S 


0-261 

and 
0-325 
0-65 
0-93I 

and 
107 


0-325 

and 
0-399 
0-70 




Wlien/lies] 
between 1 
« = . . 


0-7S 


0-70 


065 


and 
0'6o 


6,8 








Wbetirfliesf 
between j 


2-4 
and 

4-0 


4-0 

and 
6-5 
1-3 


and 
I '4 


and 
>5-S 


15s 

and 

".I 


22-9 
and 

33-0 
1-7 
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It is of very great importance to determine the limits 
within which the formula for collapsing resistance is appli- 
cable, for it is impossible to believe thai it is correct for very 
long or very short tubes. Consideration of the way in which 
a tube breaks up in collapsing leads the author to fix, pro- 
visionally, the following limits, within which only the formula 
should be trusted. 

(a) Maximum iimit of lettgtA.—W'hea the length exceeds 
6'7 rf' inches in length, the strength will probably become 
mdependent of the length. Then the strength should be 
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calculated as if the length were 67 d* only. Thus for tubes 
with longitudinal and cross-joints which exceed thb limit of 
length (from eq. 3} we get — 

/=2,8io,ooo^ . (4) 

The following short table indicates the maximum limit 
of length for ordinary cases. 

Diameler '. . 4 8 12 18 24 36 inches. 

Maiimum limit r 107 429 965 2170 3860 8680 ,, 

of length . I 9 35 80 iSo 320 710 feel. 

iP) Minimum limit of length. — The formula for collapse 
will probably cease to apply if the length is less than 



The following Table gives the values of the mini- 
mum length to which the formula of collapse is applicable. 
Values of /„,in.in inches when 



Th= 


ThtdiajMltrsare | 




4 


8 


» 


.8 


u 


16 




34 


30 


28 


26 


25 


23 






142 


131 




116 


loS 




— 


348 


324 


301 


2S6 


26S 








614 










— 


— 


1007 


935 


8S9 


826 




- 


— 




1403 


1334 


"239 



The strength of tubes of less length is not known experi- 
mentally, but it seems rational in such cases to fix a limit 
to the stress per sq. in. in the material of the flue. Hence 

in such cases 

'-^f- 

According to the Board of Trade rules, /=40oo lbs. per sq, 
in. for boiler flues. 



■(5) 
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It wilt be seen that for moderately thick plates the least 
length for which the formula of collapse can be trusted, is 
greater than the ordinary length of boiler flues. It would 

seem, therefore, that collapse rings in such cases arc not 
necessary. They may, however, be very judiciously em- 
ployed as a provision against deterioration of form, or 
overheating, which seriously weaken the flue. 

(f) Limit of thickftess. — The fonnula also ceases to be 

applicable if t is greater than — , and if this limit is ex- 
ceeded formula {5J should be used. 



Compound Stress. 



41. I. Tension or pres 
When a force p, fig. 17, act; 



'H 



H- 



lire, ccmbined with bending. — 
in a plane passing through the 
axis of the bar, and parallel 
to that axis, the stress on trans- 



\ 



"■'4^kiW 



verse sections of the bar is equivalent to that due to a direct 
tension or pressure p, and a bending moment p r. The 
greatest stress is then 

/"(i+9 <") 

where a is the transverse sectional area, and z the modulus 

. tloojic 
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of the section. The greatest stress will be a tension or 
pressure, according as p tends to extend or to compress the bar. 
II. When the force p acts as above, but not parallel to 
the axis of the bar, fig. i8, its direction will intersect that 
axis, at some distance / from the point of support. At that 
point, resolve the force p into its components. The com- 
ponent p Cos 6 produces a simple tension, or compression ; 
the other component p Sin ft produces bending, the greatest 
bending moment being p / Sin f). Then the greatest stress 
at the section nearest the point of support is 

/=p(£?5j+'-S^») , . . .(,6) 

42. III. Combined twisting and lending. — LettheforceP 
act in a plane perpendicular to the axis of the bar, at a 
distance r from the axis, and at a distance 
I from the point of support. The force 
p will give rise to a parallel reaction 
Pi at the point of support, and the bar 
will be subjected to a wrenching moment 
py(r*+/»). It will not affect the con- 
■ii T ditions of equilibrium, if we introduce 

^^^'^it-*-,-? two opposite forces p', p H each equal to 
^N. " p or pj. Then the wrenching moment 
Fig. .9. ^iii be seen to be equivalent to a simple 

twisting moment, due to p and p', and a bending action, due 
to p, and p",. The twisting moment is t=p r, and the 
greatest bending moment is m=p /. 

Let M, be a simple bending moment, which would 
produce an effect on the bar, equivalent to that due to the 
combined bending and twisting action. Then the theory of 
elasticity furnishes the two following values of m„ according 
as we have regard to the greatest stress or the greatest strain 
induced in the bar 

m,=|m+1v'(m«+t'') .... (27) 
=^m+|V(m*+t*) .... (37a) 
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The former value will be used in this Treatise It can be 
put in the simpler approximate fonns — 
M,=o-98 M + oj T if/>r . 

=o-7M + o-48t if r>/ . 

=o'9i4M + o-4r4T if rand /are unknown . 
The greatest safe load in the above case i( 

where a and b are the numerical values of the constants in 
the approximate formula: given above. 

Strength of Flat Plates. 
43. I. A flat plate, of thickness t, is supported, but not 
fixed; on a circular support of radius r, and is uniformly 
loaded with / lbs. per sq. in. (fig. 20). Then the greatest 
stress is 



■ (=9) 




II. A circular flat plate, of radius r and thickness /, is 
encastr^ at the edge, and is unifoimly loaded with p lbs per 
sq. in. (fig. ai). Then the greatest intensity of stress is 



/= 



III. A circular plate, of radius r 
.and thickness /, is supported at the 
edge, and loaded with a concentrated 
load P, applied at a circumference, the 
radius of which is r, (fig. 22). The 
greatest stress is 
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H^'^y^')^^- 



■(32) 
50 



1= 407 



5-53 5-92 



The above rules are due to Grashof. 

IV. Strength of stayed surfaces. — A flat plate, of thickness 
/, is supported uniformly by stays arranged in lines (iig. 23) 
Distance of stays from centre to centre=3, uniform load 
=/ lbs. per sq, in. The greatest stress in the plate is 




f=\TiP 



■(33) 



Each stay supports / a* lbs. 

V. A rectangular plate, of thickness f, 
length /, and breadth b, is encastr^ at the 
edge, and loaded unifonnly with p lbs. per 
sq. in. The greatest stress is 



/=i^ 



• (34) 



VI. A square plate, i inches in length of side, is similarly 
supported and loaded. The greatest stress is 



/=i^/ 



•(35) 



Some experiments by Mr. R. Wilson {'Engineering,' 
vol. xxiv. p. 239) appear to show that the ultimate resistance 
of flat plates is considerably greater than that obtained by 
piatiiig/= the breaking stress in the above formulEe. These 
formulas are strictly applicable within the elastic limit only, 
and Mr, Wilson's plates may have been dangerously strained 
long before giving way. They did take a large set 
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ON FASTENINGS. 



Riveted Joints. 



44. The simplest fastening is the rivet, employed to unite 
wrought iron, soft steel or copper plates. A rivet is virtually 
a bolt, with the head, body and nut in one piece. It is a 
permanent fastening, only removable by chipping off the 
head. Bolts are most often used with the straining force 
parallel to tbe axis, so that the bolt is in tension ; but 
rivets are almost always placed at right angles to the 
straining force, so as to be in 
shear. They are not reliable in 
tension. 

A rivet is formed of round 
bar, and, when ready for use, has 
the form shown in Ag. 34. It is 
parallel for about half its length, 
and very slightly tapers for the 1 
remainder. The head is cup- 
shaped, or more often, pan- 
shaped, as shown. For iron or 
steel plates, the rivets arc of very 
soft uniform iron, and are made in 
rivet-making machines of various kinds, being pressed, while 
red hot, in suitable dies. When used, the rivets are again 
heated to red heat, placed in the rivet hole in the plates to 
be connected, and then the second head is formed by hand, 
or by machine. In band riveting, the tail of the rivet is bdd 

D,g,t,ioflb,GoOglc 




74 Machine Design. 

up, while the head is fonned by two riveters working widi 
hammers, and the head is either made conical by the 

hammers alone, or finished by the aid of a cup-shaped die, 
called a snap. In machine riveting, the rivet is pressed 
between two dies, actuated by a lever, or by steam or 
hydraulic pressure. Machine riveting causes the rivet to 
fill up the holes more perfectly than hand riveting, but is 
more liable to form the head eccentrically to the rivet Steel 
rivets have been used, but the steel is injured by the heating 
to which the rivet is subjected and the best practice is to 
use iron rivets for steel plates, although this sacrifices part 
of the advantage of using steel plates. Very good soft iron 
may be riveted cold. 

Rivet holes are most commonly made by punching. 
This somewhat rough process is objectionable, on tivo 
grounds. The spacing of the rivet holes is not perfectly 
accurate, and the metal round the hole is more or less 
injured by the compression at the moment of punching. 
With very soft, ductile iron plates, it is believed that the 
injury done in punching is compararively small, if the punch 
is sharp, and the hole in the die block not too large. But, 
with steely iron or steel plates, the injury is serious, the 
plates being weakened 15 to 30 per cent. The injury is 
due, not to cracks formed in the plate but to the pressure 
straining it beyond its limit of elasticity, and thus altering 
its homogeneous character and power of equal elongation 
under strain. The metal near the hole becomes more rigid 
than that farther off, and hence, when the Joint is subjected 
to strain, the stress is not uniformly distributed on the metal 
between the rivet holes. Hence, steel plates should be 
annealed after punching, or the holes should be punched 
smaller than the size of the rivet, and then enlarged by a 
cutting tool (such as a rymer) to the fiill size. 

The hole made by punching is slightly conical because 
the diameter of the hole in the die block is slightly larger 
than the punch, % clearance space of about ^nd of the rivet 
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diameter being left all round. Generally this conicity is 
entirely removed by rymering out the holes before punching. 
If this rymering is done after the plates to be riveted are 
brought tf^ether it ensures the perfect agreement of the 
corresponding holes. The old plan of driving a conical 
drift into the rivet holes is an objectionable method of 
ensuring agreement, as it very imperfectly smoothes the rivet 
holes and to a certain extent injures the plates. Sometimes 
the arris at the edge of rivet holes is removed by a counter- 
sink tool, and occasionally the countersink is of sensible 
depth, as in fig. 27. Riveting of this kind is sometimes 
used in shipbuilding, and it has the advantage that the rivet 
head is less likely to break off. 

To obviate the objections to punching, the holes are 
sometimes drilled. The process of drilling is, in most 
cases, more expensive than punching, but the holes are 
more accurate in size and spacing. On the other hand, the 
sharp, square edge of a drilled hole appears to be slighdy 
unfavourable to the resistance of the rivet Sir W. Fairbaim 
showed that the resistance of the rivet was increased by 
sl^tly rounding the edges of the hole. 

When the riveting is done at red heat, the contraction of 
the rivet, in cooling, nips the plates powerfully, and causes 
considerable tension on the rivet In very long rivets, this 
may cause fracture of the rivet, and to prevent this the tail 
end is cooled before placing it in the rivet hole. In ordinary 
rivetinf;, the contraction is advantageous in securing staunch- 
ness of the joint. Further, the contraction creates a 
frictional resistance to slipping between the plates, which 
enables the joint to sustain a considerabie force, even when 
the rivets do not fit the holes. The tension in the rivet 
may be estimated at z 1,000 lbs. per square inch of its see." 
tion, and the friction due to this would be about 7,000 lbs. 
per inch of rivet section. Experiments show a still greater 
fiiction, but if the tension in the rivet exceeds the elastic 
limitf its permanence cannot be relied on. English engineers 
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entirely neglect the friction, in estimating the strength of the 
joint, the reasons assigned being that the amount of tension 
in the rivet is not ascertainable, and that vibrations and 
other causes, tending to slightly elongate the rivet, may, in 
course of time, destroy it altogether. If, however, a mode- 
rate estimate is made of the friction, there is no sufficient 
reason why it should not be taken into account, in cases 
where it may seem desirable. 

When the total thickness of the plates through which a 
rivet passes exceeds 4 inches it is better not to rivet hot, as 
the contraction of the rivet is then great enough to break off 
the rivet head. If the thickness is 6 inches or more, it is 
best to use bolts instead of rivets. 

The staunchness of the joint, or its power of resisting 
the tendency to leak, when subjected to steam or water 
pressure, depends on the nearness of the rivets to the edge 
of the plate, and their nearness together. The meta! between 
two rivets is in the position of a beam subjected to uniform 
pressure, and tending to deflect. If the joint is not natu- 
rally staunch, it may be rendered so by caulking, that is, 
burring down a narrow strip at the edge of the plate by a 
chisel (fig. 25)' I"^ the best boiler work, the plates have 
their edges planed before riveting, and this renders caulking 
much more easy. It is a 
point of cardinal importance, 
in boiler work, to arrange the 
joints, so that all can be 
properly caulked. 

The experiments of the 
Manchester Steam Users' As- 
sociadon have shown that ma- ^'^ '* 

chine-riveted work is somewhat stronger than hand-riveted 
work, and this would appear to be .due to the greater 
friction of the machine-riveted joint. 

45. Forms of rivets. — Fig. 26 gives the proportions of 
the rivets commonly used in hand-riveting, the heads formed 
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by the riveter being of conical form. Fig. 27 gives propor- 
tions for the rivets gencTally used in machine riveting. 



Fig. 28 shows a countersunk rivet, which is only used when 

the surface of the plate must be fair and without projections. 



WH7. 

Countersunk rivets weaken the plate more, and are less 

reliable than ordinary rivets. The - - 

proportions of the head vary from 

1-5 in diameter and 0-5 in height 

to 1-6 in diameter and 0-4 in height 

The conical heads shown in fig. , 

26 are formed entirely by hand ' 

hammers, and are not finished with 

a snap. They are most used where Fig. a. 

there is restricted space for hammering, and are less reliable 
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than cup or spherical heads. The cup-shaped head may be 
formed in hand riveting by a die or snap, which requires the 
use of a sledge hammer. 

The numbers on the figures are proportional to the 
diameter of the rivet, and give good ordinary proportions, 
although it must be remembered that the sizes used by 
different engineers vary more or less. To form the head, a 
length equal to about the diameter is required in counter- 
sunk riveting, and i^ to i\ times the diameter in ordinary 
riveting, 

Lap and butt riv^ing. — When one plate is made to 
overlap the other, and one or more lines of rivets are put 
through the two, the riveting is lap riveting. When the 
plates are kept in the same plane, and a cover plate is put 
over the joint and riveted to each, the riveting is butt riveting. 

Sifig/i atui double riveting.^-li there is one line of rivets 
in lap riveting, or one line on each side of the joint in butt 
riveting, the joint is single riveted. If there are two lines in 
lap, or two lines on each side of the joint in butt riveting, 
the joint is double riveted. 

Single and double shear Joints. — When the plates are so 
arranged that they tend to shear the rivets in a single plane 
(fig. 34), the point is a single shear joint. If the plates tend 
to shear the rivet in two planes, the joint is a double shear 
joint ; such a joint is shown in the lower section in fig. 35. 

46. Si!s^ of rivets for plates of different thickness. — Let 
/=thickness of plate, i/ssdiameter of rivet, X= resistance of 
plate to shearing, /c= resistance of punch to crushing. The 
area sheared by the punch is -ndt, and the resistance to 

shearing is ir dtf,. The strength of the punch is ^d*f^ 
Hence, if 

t:dtft is greater than -d^fa 

or if 1/ is less than 4/7% 
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the punch will crush before the plate shears. If^=4/„ 
(/must not be less than t, or the plate cannot be punched. 
To allowa margin of safety for the punch, the rivet diameter 
is rarely less than one and a. half times the thickness of the 
plate. The diameter of rivets in practice ranges from 

and a very simple and convenient rule is 

■^=i-WT (I) 

'= i A J ■r's i T^ff 4 t i I 
d= 060 0-67 73 79 '85 90 -95 ro4 iij i-ao 

= iV H T H i i H ^^ iJ 'iff 
For rivets connecting a number of plates, we may take 

''=5+* W 

where T is the total thickness of the plates. Rivets of more 
than I J inch diameter are rarely used. 

47. Overlap of plates and pitch of rivets. — If the rivet 
hole is too near the edge of the plate, the latter is liable 
to be burst through in 

punching ;- and if the 1 ^ r^^ 

pitch of the rivets, or -4— ^}-*"^-— '^-i-Q — 
distance from centre to '"" " 

centre, is too small, a 
crack extends between 
them. A practical limit 
is thus fixed for the Tx^.^,. 

minimum overlap and pitch. A good rule is, that the 
distance from the edge of the rivet hole to the edge of the 
plate, or to the edge of the next rivet hole, should not be 
less than the diameter of the rivet We ihus get the pro- 
portions shown in fig, ag, as the minimum proportions of 
overlap and pitch. The unit is the diameter of the rivet 
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Resistance of Riveted Joints. 

48. Let rf=diaineter of rivets. 
/=pitch of rivets. 
/=thickness of plates. 
/= semi-overlap. 

/=working tension of material of plates. 
_^=working resistance to crushing of plates or 

rivets. 
_/^=shearing resistance of rivets. 
T=resistance of a strip of the joint of width/. 

Modes of fracture of rivetai joints.— Com\^tT, for sim- 
phcity, a simple, single-riveted lap joint, subjecteri to tension. 
Since each rivet sup- 
ports a strip of plate, 
whose width is^,we may 
consider such a strip, 
independently of the 
rest. Such a strip, sub- 
jected to tension, might 
fracture in four ways. 
Fig.3* Fig..,., Fig.a^. Kg.33. (i.) The plate may 

tear across, along the line of minimum section a b {hg. 30). 
The area of the plate at a ^ is {p—d) t, and the resistance 
to tension '\sf(p-d) t. 

(2.) The plate and rivet may be crushed, as shown in 
fig. 31, and this will render the joint loose and insecure. 
I'he area of the plate or rivet supporting the pressure, esti- 
mated normally to the pressure, is dt, and this is called the 
bearing area. The resistance to crushing is fdt. 

(3.) The plate may break across in front of the rivet 
(fig. 32), the action being similar to the transverse firacture 
of a bar, fixed at the ends, and loaded at the centre. The 



* 
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moment is about ^t^. Equating this to the 
moment of resistance of the section of the plate 

(4.) The rivet may shear across (fig. 33). The area 
resisting shear is -^, and the resistance to shearing is 

- d'*f^ In double shear joints this shearing resistance is 

twice as great 

Values of ike working stress in riveted joints. — For boilers 
of wrought iroD, the greatest safe tensile stress/is taken at 
7,500 to 9,000 lbs. per sq. in., which aUows a margin against 
corrosion. In iron bridge and girder work, /=ii,aoolbs. 
For steel plates, /=| its value for iron. These numbers 
allow about 10 per cent for loss of strength, due to the 
punching of the plates. If the rivets were of the same ma- 
terial as the plates, and if the latter were uninjured in punch- 
ing, /, for iron rivets should be taken at Jths of the safe 
tensile stress. Rivet iron is, however, somewhat stronger 
than plate iron, and hence it is better to take /„ equal to 
the value of f, for iron. The resistance to crushing is more 
difficult to assign, because the compressed metal is partially 
supported by unstrained metal surrounding it. Probably 
/t=^i\ to zf, wheief is the tensile resistance of the iron. 
The latter value will be chosen in the following calculations. 
Hence, for iron rivets in iron plates 

for iron rivets in steel plates 

/.=}/;/.= --5/. 

49. Proportions of joint. — Equating each of the resistances 
previously found (§ 48) to T, and inserting the values just 
assigned to the limiting stress, we get 
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Iron Plate*. Sleel Plates. 

Iron Rivels. Iron Rivets. 

■'=(.(-<!)'/ T~{p-d)tf . . . . (3) 

-2/rf( =i-5/.f/ . . . . (4) 

— * rf —^d ■ ■ ■ (5) 

= ;8srf'/ =s88i>/ . . . . (6) 
four equations for determining the values of/, d, t, and /. 

Tlieoretical overlap. — From equations (4), (5), and (i) 



/=- + 092s/ i/for iron plates 
=-+o-8v'~5for Steel plates 



.:} 



(7) 



■/= i I i } ■ . 

/= -90 i'04 i'i7 i'30 I '42 iron plates 

■» -Si 94 107 i-i8 130 steel plates 

«S''= '75 '94 I" 1-31 i"50 

The imnimuni value of / in § 47 is I'S rf. The values of /, 

just found, do not differ much from the minimum value, 1*5 >/, 

previously assigned, but it will be seen that a slight increase 

above the minimum value is desirable, in some cases, with 

rivets of the size given in equation (i). As the amount of 

overlap does not influence any of the other dimensions, it will 

not be necessary to .consider further equation ,'5). 

Uteoretical JOvd Diameter for equal crushing and shear- 
ing resistatKe.—\n order that the resistance of the rivet hole 
to crushing may be as great as the shearing resistance of the 
rivet, we must have from (4) and (6) : — 

ton Plates. Sleel Plates. 

Single shear . . (/= 2-$$t . =34/ 
Double shear . ■ d= iiT^t . = 17/ 
Hence for single shear, — 

■^=5 IS I »i li 1^ T^'i^n plates 
= i i^ ^i 't 4 H H steel plates. 
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If the rivet is smaller than this the crashing resistance is in 
excess, which is not disadvantageous. But if the rivet is 
laiger the shearing action of the rivet must be in excess of 
that required to balance the tearing resistance of the plate, 
in order that the crashing resistance may not be deficient 
If this condition is fiilfilled eq. 4 may be considered to 
be satisfied. 

If the rivets are in double shear the diameter of the 
rivet must not exceed half the value given in the table 
above. 

Theoretical pitch for equal shearing' and tearing resistance. 
— From equations (3) and (6) we get — 

Single Riveting. 

Iron Plates. Steel Plates. 

Single shear, p=o■^^^-^d =0-588^+,/ 

Double shear. =1-57^+^ =1-176- +d 

Double RivETiNa 

Iron Plates. Sted Plates. 

Singleshear . . p=J'S1-+d =1-176^+^ 

Double shear ■ =3'i4-+<f =2-352 — yd 

In either case — 

Tearing area of plates r . ■ „„ „i i„ 

f - ,-- ,° =L =1 for iron plates. 

Shearmg area of nvets 

=i for steel plates. 
Some engineers would make the shearing area of the rivets 
rather more than this, on the ground that the shearing resist- 
ance of iron is only about Jths of the tearing resistance ; on 
the other hand, some engineers would make it less, be- 
cause in practice the actud diameter of the rivet hole is 
lather greater than the nominal diameter, and this and other 
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inaccuracies of workmanship tend to increase the rivet re- 
sistance at the expense of the plate resistance. On the 
whole, it appears reasonable to allow some excess of section 
to the plates, as in the equations above, not only on account 
of inaccuracies of workmanship, but also because coiiosioa 




wamm^iw-^^.* 



injures the plate more than the rivet. Schwedler has intro- 
duced a convenient way of representing the correspondence 
of the tearing and shearing areas in a joint The width of a 
strip of plate having a tearing resistance equivalent to the 
shearing resistance of a rivet is given by the equation 
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IroD Plates. Steel Plates. 

If now ronnd each rivet a circle is drawn of diameter 
=i/+W] a^d irom these lines aie drawn, cutting up the 
plate into strips of width w, a portion of plate of sufficient 
. resisting power will have been allotted to each rivet, and any 
redundant portions will indicate useless material in the joint 
The following figures indicate the application of the method 
to some forms of joint, the shaded portions being parts of 
the plate which do not add to the resistance of the joint. 

In fig. 333, the upper joint is a single riveted and the 
lower is a double riveted joint. These are so designed that 
no metal is unnecessarily wasted. The shaded portions 
represent metal unavoidably wasted, because if the joint 
tears through a line of rivet holes, that portion of metal is 
absent In complicated joints, this mode of indicating the 
coTTespondii^ shearing and teariDg areas often facilitates the 
designing of the joint 

According to the experience at L'Orient (see Barba, 
'L'Emploi del'Acier'), the diameter of rivets and pitch suit- 
able for an iron plate of any thickness will be suitable for a 
steel plate of Jths of the thickness, riveted with iron rivets. 

Single Riveting. 
50. yoint with equal tearing and shearing resistance. — 
From equations (3) and (6), we get, for single riveting, 
f=-78s(^'+^ for iron plates. 

=■588 (ff+f for steel plates 

If there are n rows of rivets in lap, or a « ro*s in butt 
riveting, the shearing resistance is increased n times, and 
die tearing resistance is unaltered. Then, 
f=78s« (^ Voiron plates 
=-S88« r^'+j steel pUtes . 



(8) 



:::} 



(9) 
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These proportions are independent of the rule for the size of 
the rivets, and are applicable, whatever size is chosen. 

Theoretical joint of equal tearing, bearing and shearing 
resistance. 

Iron Plates Steel Plates 

From (4) and (6) d=2-%%t ' d=2-i%t . . (10) 

From (3) and (6) p=i&^^j-\-d p=-^SS^+d 

=ld =2-5^ . .(„) 

Efficiency of joint J % . . . (ra) 

This joint is the strongest single-riveted joint which can be 
constructed, with the assigned limits of working stress, but 
the rivets are larger than is usual in practice. Wt^ tlie 
ordinary size of rivets, the three conditions can no longer be 
exactly fulfilled, but one of the resistances will be in excess, 
and the efficiency of the joint will be a little diminished. 
The efficiency of the joint is the ratio of the strength of the 
joint to that of the solid plate. 

Ordinary single-riveted Joint. — Equal tearing and shearing 
resistance. Introducing in the equations (8) the diameter 
of rivet given in equation (r), we get 

Iron Ptates Steel Plates 

From(r) d=V2j^l vzsft . .(13) 

From (8) and (i) /=rf+ri3 if+o'Sj . .(14) 

Efficiency of ioint=^::^=3^11i- -°"^5 _ /^-j 

' ' / rf+i-rj rf+o-8s ^ ^' 

In both cases, the efficiency diminishes as the plates become 
thicker. The bearing resistance is in excess, if <^>os6 
inches in either case. 

The followii^ Table gives proportions calculated by 
these rules. They agree well widi practice for plates of ^" 
to i" thickness. 
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Thick. 
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pitch of 
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Eflki- 


TliLgk- 
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Diain*- 


Klchof 
Riv.u 


Emd- 


TJ 


■949-ii. 
I-04-IA 


j 


2S-4 

33 -»4 




62 ( 
606 

598 

S7I 
543 
Sai 

48s 


1 


1 

I r 


1-97-3, 


■55* 
■538 
■512 
■501 
■47* 
■450 
■431 
■4' 5 



Fig. 34 shows an ordinary single-riveted lap joint. 
Fig. 35 a similar butt joint The pitch is given in the Table 




above. The other dimensions are given by the proportional 
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numbers, the unit for which is the diameter of the rivet. The 
objection to a lap joint is, that the straining force in one 
plaie is not directly opposed to that in the other, but forms 
with it a couple tending to bend the joint Grooving of 
boilet plates is, indirectly, due to this bending action. The 
objection also applies to the butt joint, with a single cover, 
when in some positions. The butt joint, with two cover 
plates, is free from bending action. Butt joints are prefer- 
able to lap joints, for the longitudinal joints of boilers, and 
the cross joints are also sometimes made with a cover strip, 
welded into a ring and shrunk on. 

Double Riveting. 

51. For a double-riveted joint, with equal tearing and 

shearing resistance, equations (3), (4), and (6) become 



r={p-d)tf i:={p-d)tf . . .(,6) 

=Afdt =ifdt .... (17) 

=iSld*f =in6dV . . . {18) 

Theoretical joint with equal bearing, tatring and shearing 
resistance. 

Iron Plates Steel nates 

From (t?) and (iS) ti=a-sst d=2S5' .(19) 



=5d =4</ . (ao) 

Efficiencyof joint='^^ =J I - ■ (21) 

The objection to this joint is the same as to the corre- 
sponding single-riveted joint, that the rivets are lai;ger than 
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is usual in practice. If the size of the rivets is reduced, the 
bearing resbtance will be in excess. 

Ordinary joint equal tearing and shearing resistance. — 
Using equation (r) for the diameter of the rivets, we get : — 



Efficiency of joint= 



Iran Plates 
d=r2jt 

pT=ii+2-26 



steel Plates 

d=i-2,/i 



</+i-69 






The following Table gives proportions calculated by 
these lules : — 



Iroi Pbta. 1™ Riv«. 


Steel Plates, lion RIkii 




DLuiKier 


Piichof 


Effici- 


Thick- 


Diadielei 


Kteh of 


Effici- 


t 


j 


3 

3A 

3f 

3^ 
3} 


-75 
■73 
72 
■72 

■66 

-64 


i 


1 


2 


\ 


■69 

a 

■66 
■64 
■61 
■59 

■57 



The efficiency of the iron-plate joint is about 70 per 
cent, and that of the steel joint about 65 per cent on the 
average. The gain of strength in double riveting, as com- 
pared with single riveting, is, on the average, 1 5 per cenC It 
certainly seems desirable to consider whether somewhat 
larger rivets could not be used ; the efficiency of the joint 
would then be greater, and its strength would be more 
nearly equal to that of the plate. 

Fig. 36 gives the proportions of a double-riveted joint, 
the unit being, as before, the diameter of the rivet The 
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oblique distance from the centre of rivet in one row to the 
centre of rivet in the next row, may be equal to the |wtch in 

_ single riveting, but in any case 

must not be kK than 2 d. A butt 
joint would be similar, but would 
have four rows of rivets. 

51. J'lates with tkickenai 
edges. — To obviate the loss of 
strength at the riveted joints 
of boilers, plates with thickened 
edges have been used. Let t = 
thickness of plate, /, = thick- 
ness of edge, e = efficiency ot 
joint Then if /,= -, the joint 

will be as strong .as the solid 
plate. The joint must be de- 
signed, as if the plate were /, 
inches thick. Only two edges 
of the plate are usually thickened, and these are placed, so 
as to form the longitudinal joint, which is subjected to the 
greatest strain. 

53. functions of more than two plates. — In boiler work, 

and other cases where the seams are to be watertight, a 

difficulty arises, where the cross 

joints intersect the longitudinal 

joints, because there three plates 

overlap. At Ihose joints the edges 

of one or more plates are thinned 

out by forging, so that the joint 

may be solid throughout Fig. 

37 shows a joint, at which three 

plates overlap. The middle 

Fig. 37- plate, a be, is thinned out Fig, 

38 shows a four-plate connection, where each of the two 

interior plates thins out at the comer. It will be seen 
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that the ibrged end is so lengthened as to be supported by 

an additional rivet in the thin part. 

A somewhat simi- 
lar case arises, when 
boilers are butt riveted, 
in dealing with the 
covering strips, at the 
points where the cross 
and longitudinal joints 
meet. In the best 
boiler work, the plates 




are planed at the edges, and fitted together accurately. The 
longitudinal joints are then riveted up, the covering strip 
being thinned out at the end of the joint Lastly, the 
circumferential covering strip is welded into a hoop of the 
exact size, and shrunk over the cylinder formed by the 
plates. Fig. 39 shows the junction of the covering strips. 

54. Connection of plates not in one plane. — This is com- 
monly effected by the use of a kind of angular joint strip, 
called an angle iron. These angle irons are rolled of a great 
variety of sizes, and are of very great service in all descrip- 
tions of wrought iron work. Fig. 40 shows an angle iron 
joint. No very definite rule can be given for the size of 
angle iron to be used, but generally the mean thickness of 
the angle iron is about equal to, or a little greater than, that 
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of the plates to be connected. The width of each flange of 
the angle iron may be about four times the diameter of the 





rivets used, or may be 3-25 t+ I'S, 
where / is the thickness of the 
plates. The angle iron usually 
tapers, so that it is rather thicker 
at the root than at the point. In 
bridge work, where the angle irons 
are used to confer stiffness, as well 
as strength, they are often heavier. 

Fig. 41 shows a t iron joint, the 
object being to stiffen the plates 
against flexure. 

F^. 42, 43, 44, show methods 
of connecting plates by flanging the 




plates themselves, instead of using angle irons. This is 
more expensive, and is impracticable when the plates are 
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not of good quality. The curvature should not be too shaqj. 
The inside radius may be, at least, four limes the thickness 
of the plates. The width of overlap must be, at least, 
three times the diameter of the rivet 




Fie. .6. 



Figs. 45, 46, show joints used at the junction of the 
cylindrical barrel of locomotive boilers with the external lire- 
box. 

55. Connection of paralld plates. — A case which fre- 
quently occurs, is where two plates, near together, require to 
be connected. For instance, at the bottom of the ^re-boK 
of locomotives, a connection has to be made between the 
inner and outer fire-box. The following sketches show how 
this may be effected. 




Fig.«. 



Rg-<8, 



FiS- S'- 



In fig. 47 there are two angle irons. This is rather com- 
plicated, and there are inside joints, which cannot be 
caulked. Fig. 48 is simpler, but has an inside joint, which 
cannot be caulked. Fig. 50 is an admirable joint, and is 
formed by what is termed a channel iron. But it is difficult 
to bend tiie chamiel iron round the comers of the fire-box. 
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Pig. 5 1 ia simple, but forms a corner for the lodgment of 
sediment F^. 49 is the form most cotnmoQly used. 

ElUpticai miffj.— Since the efficiency of the joint is the 



,/-rf 



of the distance between the holes to the pitch. 



P 

we may increase the efficiency, by using rivets of elliptical 
section. With such rivets, placed with their least breadth 
in the line of fracture of the plates, the quantity /—.^ would 
be greater, while the shearing section remained the same. 
Such rivets have been used by Mr. Webb. By adopting the 
elliptical form, two variables, the axes of the ellipse, take the 
place of the single variable d, in the equations. It would 
thus be possible to satisfy the conditions of equal bearing, 
tearing, and shearing resistance, for rivets of any desired 
section. To do this, we should merely have to take, for 
one axis of the ellipse, the diameter of the rivet in the 
theoretical joint. ITie other axis would then be found for 
the given sectional area. I-et d^ be the diameter of rivet in 
the formula for ihe theoretical joint, and let a and b be the 
major and minor axes of an elliptical rivet, whose section^u. 
Then b=di, and ii=4ui-Mr*. 

56. Position of rivets in tie bars and struts. — When a 
bar, subjected to a longitudinal straining force, is attached 
at each end by a single rivet or pin, the rivets should be 
placed on the centre line of the bar. It is a fair assumption, 
and must be nearly true, that the straining force acts through 
the centre of the rivet. Hence, if the rivets are in the 
centre hne of the bar, the resultant straining force passes 
tlirough the axis of the bar, and the stress on each trans- 
verse section is uniform. If the rivets are not so placed, 
one side of the bar is more strained than the other, and 
gives way before the other has fully exerted its powers of 
resistance. When there are several rivets at each end of a 
bar, they should, for the same reason, be placed symme- 
trically on either side of the axis, and as uniformly distri- 
buted as possible over the area in which they are placed. 
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If they cannot be placed symmeirically, an approximation is 
made to the best conditions, by arranging them, so that their 
common centre of gravity &lls on the axis of the bar. In 
that case, if each rivet supports the same fraction of the load, 
the resultant force will still pass through the axis of the bar, 
57, Taper and curvature of boiler pMes. — When a boiler, 
Doiler flue, or other cylindrical structure, is made up of 
slightly conical rings, which are slipped over each other to 




form the overlap, fig. 52, the joints being what are techni- 
cally termed ' following * joints, the plates, instead of being 
rectangular, must be portions of the development of a cone. 

. Clooglc 
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Let D be the greater, and d the less, diameter of the 
conical frustum, and l its length ; /, the thickness of the 
plates. Then dssXi— 2 t very nearly. The development o( 
the frustum is an annular segment ifgh, drawn with radii, 
R=ca=Cf, and r=cb=-ch, and whose lengths, measured 
along the arcs ^/and A ^, are t d and ir d. Since the incli- 




D-rf 



nearly, and 



nation of the cone's sides is small, r= 

di. dh , 
r= — ',= ~z nearly. 

For a boiler plate, let /„ fig. 53, be the distance between 
longitudinal seams, measured at the larger end of cone, so that, 

if there are » plates in each ring, /i =— . Let l be the dis- 
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tance between die cross seams ; », and u,, the versed sines 
of the arcs, formed by the rivets when developed. 



* 4 D* L 

With these dimensions the centre lines of the rivets can be 
set out, and, if then, the width of overlap is added all round, 
the size of the plate is determined 

58. Boiler stays are fastenings analogous to rivets, 
which support flat surfaces. Those most commonly used, are 
of the form shown in fig. 54, which is a drawing of a copper 
stay for a locomotive fire-box. 
The stay is screwed through 
the two plates, which are 
connected, and then riveted 
over. Such stays are of 
wrought iron, of copper, or of 
steel Copper has been most 
used, but iron is now often 
substituted for it Such stays 
are rather liable to break 
across at the screw thread, 
inside the plates. To give '^* ^*' 

warning of such a fracture, a small hole, \ in. or -fg in. 
diameter, is sometimes drilled into the stay. If fracture 
occurs, warning is given by the leakage which ensues. 

The stays are arranged equi-distant over the whole 

. surface supported. If, therefore, d is the distance of the 

stays, centre to centre, and p the steam pressure in lbs. 

per sq. in., each stay supports d* sq. ins., and resisU 

a pressure of / d' lbs. In locomotives, the stays are very 
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commonly J in. diameter, and 4 to 4^ ins. apart The 
following rules are applicable to locomotives : 

Thickness of plates, iron, t= -oi dV/+o'i . -t 

,, „ copper = 012 D*/^+o-i . J '^" 

Diameter of stay, copper, -0180*//+^ . , ■. 

„ iron, -ooeDs/Z+i ■ • I *^*^ 

The diameter is measured outside the screw thread. 
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CHAPTER V. 
on fastenings. 

Bolts, Ncts, Keys, and Cotters. 

59. BoLTsarechieflyusedtoresiststTMningforces, acting 
parallel to the axis of die bolt, and nonnal to the surfaces 
held together. When in shear, they are subject to the same 
rules as rivets. Sometimes screws are used, not as fas- 
tenings, but to transmit motion. 

For manu&cturing reasons, it is important that some 
common agreement should be arrived at, as Vo 
the form and dimensions of screws. Sir J. 
Whitworth first proposed a uniform system 
(rf screw threads, which is adopted universally 
in this country for all the more important parts 
of machines. For wrought-iron gas tubes, and 
for the cheaper kinds of metalwork, a finer ' 
pitched screw thread, known as the gas thread, 
is used. In America, Mr. Selleis has intro- 
duced a uniform system, very similar to Whit- 
worth's. 

PitcA and /arm of screw threads. — Most 
commonly, screw threads are triangular in 
section, as shown in fig. 55, which represents 
the standard Whitworth thread. About Jth f* s^ 
of the depth of the thread is rounded off at both top and 
bottom, to facilitate the cutting of the screw, and to render 
it less liable to injury. Screws with rectangular threads, or 
so-called square threads, are sometimes adopted, fig. 56 r, 
especially when the screw is used to transmit motion. The 
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surface of the square thread is normal to the axis of the 
screw, and hence there is, with this form of thread, no 
oblique or bursting pressure on the nut, and the thread 
wears less. Two other forms of thread are occasionally 
used. Screws subjected to rough usage are of the form 
shown at a, fig. 56, the thread being similar to the square 




thread, with the angles much rounded. When a screw has 
to resist a pressure, actii^ always in one direction, the form 
shown at ^ is sometimes used. The iace bearing the pres- 
sure is normal to the axis, as in the square thread ; but the 
shearing resistance of the thread is twice as great as that of 
the square thread. 

The pitch of screws is fixed by practical experience, so 
as to be suitable for cast and wrought iron. The pitch and 
DHmber of threads per inch, as arranged by Whitworth for 
the different diameters of screws, are given in a table below. 

The following formulae give values nearly the same as 
those in the Tables :— 



Pitch=/= 



Whitworth Threads. 
Triangnlar Threads Square ' 

O'o8rf+o'04 o-i6d 
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Number of threads per iiich=-, 
Diameter at bottom of thread 
=i/i=(^—i-i-=0'9</—0'O5, for triangular threads . "1 

=rf—^=o'85rf—o'075, for square direads . [ 

A squaie-threaded boit is, therefore, slightly weaker, in 
tension, than a triangular-threaded bolt 

Fig. 55 shows the method of designing a WhitwortH 
thread. Two parallel lines are drawn, 096/ apart These 
are intersected by lines, inclined at 55°. LasUy, Jth of the 
depth of the triangular spaces so obtained, is rounded off, 
both at top and at bottom. The square thread has usually 
twice the pitch of a triangular thread of the same diameter 
and the depth of the thread is ^ of the pitch. 





Whitworth Screws. 
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Gas threads. — For the wrought-ircm tubes used for 
conveying gas, the Whitworth screw thread is not suitable. 
For these a special system of threads has been adopted, 
finer in pitch, and cutting less deeply into the metal of the 
tube, than the Whitworth thread would da 

Diameter in inches iJ| JJiiJa 
Pitch ia iaches "036 '053 -053 '071 '071 -ogi '091 091 
Nos. of threads 1 ,0 ■„ .„ ■ . . . . , ,, . . 

■ L }■ 2S 19 19 14 14 II II II 

per inch J 

Seller/s screw threads. — In the American, or Sellers's 
system, of screw threads, the sides of the thread are inclined 
at 60°, and a depth, equal to J of the pitch, is cut square off 
at top and bottom of the thread. The pitch is 

/=OT i/+0JS nearly (la) 

fl',=rf_1299=o.8^^_.(,3 (j^j 

60. Strength of screw bolts. — Putting p for the axial 
straining force acting on the bolt ; </i=diameter at bottom 
of thread ; /=working stress per unit of area. 

'=-/•'/ (3) 

4 
and replacing f^, by d, by means of equation (3), 

(^='05S + i'i37^/ [-^ ], for triangular threads 
= 085+ i'32^/[ — : J, for square threads 

This is a slightly improved form of the formula com- 
monly used in determining the size of bolts. In order (hat 
it may be strictly applicable, the bolt ought to be subjected 
to an axial force only ; but, in consequence of the obliquity 
of the bearing surface of the thread, the pressure between 
the bolt and nut has a component tending to twist the bolt ; 
hence the stress on it is really ei combined torsion and 
,o„glc 
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tension, and not a simple tension. It is also probable, that 
at the section of the bolt at the bottom of a thread, the stress 
is not quite uniformly distributed. There is there a rapid 
change of section, and the stress is probably greater at the 
angle of the thread, and less in the interior of the bolt than 
the mean value. We may allow, roughly, for both the above 
causes of increased straining action, by taking for/ a value 
less than that suitable for simple tension. 

In many cases, however, there is an uncertainty in the 
determination of the load f. One part of the load, which 
may be termed the effective load, is ascertainable with 
tolerable accuracy. Another part, which is due to the force 
used in tightening the nut, and the amount of which depends 
on the skill and care of the workman, is less easily deter- 
mined. If the nut is not screwed up before the load coroes 
upon it,, or, if it is screwed up, provided the connected 
pieces are not in actual contact, the effective load alone needs 
to be considered. On the other hand, if the bolt is screwed 
up, so as to develop a reaction between the connected 
pieces, this additional load must be estimated as forming 
part of the total load p. Practical experience shows that we 
may roughly allow for the difference of the action in these 
cases thus r — For press screws, and other bolts, which do 
not require to be tightened before the load , comes upon 
them, / may be taken at 6,000 lbs. per sq. in. For accu- 
rately-fitted bolts, requiring to be tightened moderately, 
/=4,ooo. But for bolts which are used to draw joints 
steam-tight, and which must be severely tightened before 
the steam pressure begins to act, / ought not to exceed 
1,600 or 2,ooo lbs. per sq. in, 

With these low values of/ p is the effective load only. 
The value of the working stress, in the Table above (p. 81}, 
has been taken at 4,000 lbs., in calculating the strength of 
the bolts. 

Strength of bolls, taking torsion into account. — Suppose 
that a load p is suspended firom a square-threaded screw, 
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and that it is screwed up, without, however, bringing the 
parts connected by the screw into actual contact, so as to 
develop a reaction between them, additional to the load. 
In that case, the friction of the out on its support does not 
affect the stress in the bolt, and there is a definite relation 
between the load p, and the twisting force Q, applied to the 
bolt. Let fig. 57 represent a screw thread at its mean 



^--■ 


p 


^' 


* 


t:s^"-J 


^ 



diameter i/'. The forces, acting between any two elements of 
the bolt and nut, are a vertical force p, due to the load; a hori- 
zontal force Q, due to the pull on the spanner ; a reaction K, 
normal to the thread ; and afriction f, parallel to the thread. 
The obliquity of the thread is the same as that of its 
development a A on a plane surface, which makes, with the 
horizontal, an angle whose tangent is p-r-trd^. Neglecting 
the small difference between the mean and outside diameters, 
^and d^ of the thread, we get 



.^Tt+iz 



Q=l 



,d-fp 



■(S> 



where /* is the co-efficient of fiiction. If the thread is 
triangular instead of square, the normal reaction is greater, 
in the ratio of the slant length of a thread to its half thick- 
ness at the root Hence, for triangular threads 

■P±XtULt^. (6) 



Q=P' 



•^%\>-P 
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The twisting moment of the force Q, acting at nearly .from 
theaxis, is Q -. Putting ^=0-15, and using the previously- 
found values for the pitch, we get 

Twisting moinent=M=o'2 vd, nearly, in either case. 
The greatest stress due to combined torsion and tension, is 
then — 

=1339^, (7) 

Futtu^ for/ the safe working stress, and replacing dy by d, 
we get 

=■055 + 1"285\/ -^ for triangular direads . 



•085. 



+ r'36i\/^, for square threads 



:}■ 



Comparing these with equations (4), in obtaining which the 
twisting moment was n^lected, we see that the twisting 
moment adds about 15 per cent to the diameter necessary 
for the bolt 

Strength of bolts when the initial tension, due to screwing up, 
' is taken into account. — A nut is screwed up by means of a 
spanner, whose leverage is, on the average, 15 rf. Suppose 
that a nut is screwed up by a force Q, applied to the spanner 
at radius R ; the tension p^, produced in the bolt, being 
expended in compressing the pieces connected by the bolt. 
The friction of the nut, on its seat, balances part of the 
force Q. That friction acts approximately at a radius | d, 
and its magnitude is fii p, lbs. Hence 

"^^^^^i^t' : ■ ■ ■"* 
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Taking ii^=fi=o'i$, for a turned nut on a turned washer ; 
R=i5 d; ^=o'i6 d, we get 

Pi=8zQ (9a) 

The force applied by a workman in screwing up a bolt, will 
vary with the size of the bolt, and his experience teaches 
him in what case a heavy pressure may be applied with 
safety. Taking the heaviest ordinary pull of the workman 
to be Q= 30 lbs. : 

pj=82x 30=2,460 lbs. 
a force sufficient to break a |-in. bolt, and to seriously injure 
a \-\a. bolt Hence, bolts of less than ^in. diameter are 
not used for joints requiring to be tightly screwed up. 

Suppose that bolts are used to connect together two 
parts of a machine, and that these are screwed up tightly 
before the effective load comes on the connected parts. 
Let P| be the initial tension on a bolt due to screwing up, 
and pj the additional load afterwards added. Then it can 
be shown that the greatest load on the bolt may either be 
little different from Pi or Pj, according as the former or the 
latter is greater, or it may approach the value p, + Pj ; and 
to determine what its value is, the relative rigidity of the bolts 
and the parts they connect must be known. Thus, suppose 
the pieces a and b, fig. 57^, 
a^*Ts) are connected by two bolts. To 

render the action of the elasti- 
city of the connected parts more 

ffn I rf^ evident, suppose that springs 

— * are interposed between a and b. 
Afler screwing up till a tension 
of F] lbs. is created on each 
bolt, by the- elastic resistance of 
the springs to compression, let 
an additional load of zp^ lbs. 
p. jy^ be hung on the lower plate. 

This load may in part relieve 
tiie original tension if the extension of the bolts diminishes 
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the compression of the springs, and in that case the ultimate 
tension on each boll may be little greater than p, or Pj, 
according as Pj or Pj is greater. But if the extension of the 
bolts is small compared with the compression of the springs 
then the ultimate load will approach the value Pi+Pj, 
because the elastic thrust of the springs is little affected by 
the additional load. In ordinary cases the elasticity of the 
parts bolted together takes the place of the elasticity of the 
springs. Where rigid flanges are bolted together metal to 
metal it is probable that the extension of the bolts with any- 
additional load relieves the initial tension, and the condition 
is similar to that in the former case described above. But 
in other cases, where the flanges are deflected by the bolts, 
or where elastic packing, such as Indian rubber, is inter- 
posed, the extension of the bolts may very little atfect the 
initial tension, and the condition is that of the latter of the 
two cases above. Since the latter assumption is more 
unfavourable to the resistance of the bolt, it will be assumed 
that this contingency must be provided for. 

Hence, when a joint is made tight by screwing up, the 
total load p may be the effective or useful load Pj + the 
initial load Pi due to screwing up. Then 

P = Pl + Pj = Ps + 82Q. 

rf=ooss + i-2i^ 0l^±l3\ioT triangular threads') 

=o-o8s + i-3S^[^^^^tZs], for squaie threads J 

where for Q, is to be put the assumed value of the force 
used in screwing up. 

In the following Table, an empirical allowance is made 
for the stress due to screwing up, increasing with the size 
of the bolt The Table should not supersede the exercise 
of judgment in particular cases. The real stress is taken 
at /=9,ooo lbs. The pull on the spanner is taken at about 
10 lbs. for each 1,000 lbs. on the bolt, and the twisting 
moment is taken into account 
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Strength of Bolts screwed up tightly. 



Il 
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Amudi«J 
load duF lo 


Eir«- 


II 


CTtwini? op 


Eff«- 




iMd du* to 
wrcwLng up 


1! 


ii 

2400 


P, 

J 

1813 
2643 
3567 


as 


8,Q 

2700 
3000 

!iS 

4000 
4500 


P, 

4954 

11410 


d 

1 

4 


5000 

5000 

SOOO 
5000 
5000 
5000 


28570 
J6760 

4J870 
53590 
63310 



61, Proportions of bolls and nuts. — Fig. 58 shows the 

|f,._ -j}g A most ordinary type of bolt, nut 

' — ' and washer. The bolt has a 

square head, and a square neck, 
to prevent the rotation of the 
. bolt, while the nut is being 
screwed up. The nut is hexa- 
gonal, and the washer circular. 
The washer is used when the 
bolt connects rough castii^s, 
and then forms a smooth seat- 
ing, on which the nut turns. It 




is sometimes used for appearance only. The following rules 
give good proportions : — 
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Hexagon Nuts. 

Diameter across flats =d=i-S(^+o'i8 to v%d+o-^ 
(rough) 
iSrf+006 to r-srf+oi8 
(bright). 
Diameter across angles=iD,=i'75f^^o-i6 to l■^$d^■o•^ 
(rough), 
i"75<^+o"07 to i'T$d-¥o-2 
(bri^t). 
0=1-5 rf+o-i8, and Di=i75rf+o"i6, are very nearly 
Whitworth's standard sizes for finished nuts. In drawings, 
on a small scale, it is accurate enough to take d,=2 d. 
Height of nut=i^. 

Height of lock nut=-. 

Square Nuts. 
Diameter across flats=i-srf+o-i8 to i-s<^+o-44(rough), 
= 1-5 </+o-o6 to 1-5 (/+o-i8 (bright). 
Diameter across angles=2"i2 (^+'25 to 2'i2 rf+o-6 (rough), 
=2-i2i^+o'o8 to 2-i2</+o'as (bright). 
The head of the bolt may be square, hexagonal, or 
circular. Its height is f i/ to if. 
Length of spanaer= 1 5 ^ to 1 8 n^ 

Washers. 

Thickness 0*15 </; diameterfo,. 

Small washers are usually 14 B.W.G., or 0*083 in. 
thick. 

Washers, for wood, may be 3 a m diameter, and o'j d in 
thickness. 

D,g,t,ioflb,Google 



Machine Design. 



1 

s 


■ 


^^S 


r 


3*5 


T 


tP"«^ 


■= 


Ifs 


■s 


xts 




-55 




«^~- 


- 


arSr 


- 


*r« 


- 


aasj 


- 




- 


■BS- 


i: 

a 
J. 

% . 


3- 



E 

d 


- 


n% I 


V 


?p 1 g 


■V 


?f 1 ? 


'. 


H% 5 


■V 


"If? 




aj 1 ? 


- 


?s J ? 


- 


n if 


• 


f 1 ? 1 


- 


m ? f 


- 


9? p p 


- 


99^9 


Weight per inch of bolt . 
Weight of square head . 
Weight of nut and part of 

boll included 
Weight of washer and part 

ofbolt included . 



SIZE OF WHITWORTH NUTS AND BOLTS. 



The following are the sizes of bolts and i 
Whitwortli Standard, as revised some two years since. 
sii«s are given in decimals, and the nearest approiiniate i 
fourths of an inch. 



IKaaicta 
of bolts 


Width of nuB across flats. 


Height of bohhoujs 




■338 


u/ 


-1093 




1 




■448 




-1640 






■S2S 




■2187 




= 


-6014 




■*734 






7094 




■3*81 






■8204 




■3828 




/ 




■919I 


iS* 


■4375 
■4921 




/ 




IIOI 




-S468 






\ 


13012 


I 


; 


■601 s 
■6562 




/ 


\ 


1-39 


I 


i 


■7109 




/ 




1-4788 




i 


■7656 






^ 


;i;s 


I 


i 


. -8203 
■87s 




1/ . 






r86os 




!/ 


■9843 










2-0483 




1-0937 






1 




2-2146 




1-2031 










2-4134 




;:j"l 










2-5763 












2-7578 




I 53" 






' 




3'Oi83 


3^/ 


16406 








3'49i 




I -75 






\ 




3 '33 7 
3546 


Ui 


1-8523 

19687 




1 


2 




375 


% 


2-0781 




1 






3-894 


I'-S 








::x 














J-4062 






? 


4-3456 




;s.s« 






3 . 


4531 


4s5* 


2-6JS 







The thickness of the nuts is 
oflheb(dts:/-fall, *=biu-e. 
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6a. Differe/ti forms of nuts. — Ordinary nuts are cham- 
fered off at an angle of 30° to 45°, as shown at a, fig. 59 ; or 
they are finished with a spherical bevit, struck with a radius 
of about 2 d, as shown at b. Flange nuU, c, are used when 
the hole, in which the bolt is placed, is considerably larger 
than the bolt itself. The flange covers and hides the hole. 
Cap nuts, d, are used where leak^e along the screw thread 



i_^ s 




13 feared. In the figure, a thin, soft copper washer is shown, 
which prevents leakage under the nut, Circular nuts, e, 
are occasionally used. They have holes, in which a bar, 
termed a 'Tommy,' is placed, for screwing them up. Some- 
times grooves are cut, as shown at / Steel nuts may be 
used, if great durability is required. 

63. Differmi forms of bolt heads. — In fig. 60, a is a cup- 
shaped, b a countersunk, and c a square bolt-head. Rota- 
tion of the bolt is prevented in a by a square neck, in i by a 
set screw, in c by a snug forged on the bolt Fig. 61 shows 
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a T-headed bolt in front and side elevation. Fig. 62 shows 
an eye bolt. Fig. 63 shows a spherical-headed bolt used, 




ng. 60. Rg. to. 

sometimes, for railway fastenings, with a square neck. The 
spherical head allows the bolt to take a fair bearing on the 
rail. The other figure shows a 
cup-head, with a snug forged 




Fig, 63. Fig. 64. Fig. 6s. 

on the bolt, to prevent rotation when the bolt is screwed 
up. Proportional unit=rf, in all these figures. 

Fig. 64 is a hook boll, which is used when one piece is 
too small to have a bolt hole through it, or when it is 
objectionable to weaken the piece by a bolt hole. Fig. 65 
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is ustud, which is screwed into one of the connected pieces, 
and remains in position when the nut is removed Fig. 65 
is a set screw, or bolt not requiring a nut. Fig. 67 shows a 
Dut-headed bolt, or bolt having two loose nuts, instead of a 




Fig. M. Pg. S7. 

nut and head. The second figure is a similar bolt, with an 

intermediate head or flange. 

Fig. 68 is a bolt leaded into stone work. The tail of the 

bolt is rectangular, with jagged edges. 

Fig. 69 is a fang bolt used 
for attaching ironwork to wood, 
and especially for attaching rails 
to sleepers. The fangs of the 
broad triangular plate, which 
forms the nut, bite into the wood, 
while the bolt is rotated by the 



y 



head, which bears on the ironwork. The tai^e area of the 
nut prevents crushing of the wood. 

64. Locking arrangements for nuts are intended to pre- 
vent the gradual unscrewing of nuts, subjected to vibration 
, . tloojic 
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and frequent changes of load. No nut accurately fits its 
bolt ; a certain amount of play, however minute, always 
exists. When a nut, having play, is subjected to vibration, 
it gradually slacks back. This is, to a great extent, 
prevented by double nuts, shown in fig. 70. One of the 
' nuts is termed a lock nut, and is usually half as thick as the 
ordinary nuL When there are two nuts, the whole load 
may be thrown on the outer nut The outer nut ought, 
therefore, to be the thicker )f..,.j.^ — » 

nut. It is common in prac- 
tice to put the thinner nut 
outside, the reason being, 
that ordinary spanners are 
sometimes too thick to hold 
the thin nut, when screwed 




9 



home first The more correct arrangement is that shown in 
the figure. 

Another plan is to drill a hole through the top of the 
bolt above the nut, and drive a split pin or cotter through. 
The nut must always be in the same place when screwed 
up. A better plan is shown in fig. jr, a stop plate being 
used, fixed on one side of the nut. The set screw in the 
stop plate may have its diameter=i </+ J. 

A very neat arrangement is shown in fig. 72 ; the lower 
part of the nut is turned circular, and fits in a recess in the 
piece connected by the bolt. A set screw is tapped through, 
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and bears on the side of the nut. The diameter of the 

set screw may be \d+^. A stop ring is sometimes used, 
fig. 73, with a set screw tapped tlirough it. The stop ring 



r>g.T 



Fig. 7 



is of brass, or wrought iron, and it is prevented from 
turning by a stop pin of the same size as the set screw. 

Elastic washers have been used as substitutes for lock 
nuts. Fig. 74 shows Graver's spring steel washer. When 
the nut is tightened up, the washer 
becomes nearly, but not quite, 
flat, and its elasticity neutralises 
the play of the nut on the bolt. 
65. Boiling of cast-iron plaia. 
^'*' "■ — Cast-iron plates are united by 

bolts ; flanges, to receive the bolts, are cast on the plates, 
and these may be external or internal The flanges are 
of the same thickness as the plates, or a litde thicker 
The bolts are never less than | in in diameter, and the 





bolt diameter may be equal to the flange thickness. The 
fitting part of the flanges is often a narrow ' chipping 
strip,' which is faced by hand, or in the planing machine. 
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Fig. 75 shows three arrangements of the flanges and bolts. 
Fig- 76 gives the ordinary proportions of the bolt and 
flange. 

Bolt dianieter=i/= J t+\ (but not less than f in.). 

Pitch of bolts about 6 d, or less, if necessary for 
strength. 

Width of chipping strip=fl=4/. 

Width of flange=*=z(/4-|. 

The open space between the flanges is sometimes iiiled 
with rust cemenL 

Joint Pins. Knuckle Joikt, 

66. A joint pin is a kind of bolt, so placed as to be in 
shear, rig. 77 shows an arrangement known as a knuckle 



Unit " dbm. of pin- 
Fig. 77- 

joint. The proportions are empirical. If the joint pin were 
subjected to simple shear at two sections, it would be strong 
enough, when its diameter was equal to 07 of the diametei 
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of the rods. But the pin wears, and is then subjected to 
bending, as welt as shearing. When there is much motion 
at Ihe joint, the width of the eyes of the rods, and the length' 
of the pin, may be increased. 



Keys. 

67. Keys are used for fixing wheels, pulleys, cranks and 
other pieces on shafts. They are tapered longitudinally, 
and are driven home very tightly into the recesses formed 
to receive them. The resistance to shearing =^blf„ where 
f, is the working shearing stress. The bearing surface of 
the key on the sides of the recess, is appronimately \tlff, 
where ft is the resistance to crushing. In order that the 



shearing and crushing resistance should be equal, when 
ff=3f^yie must have t=b, or the key should be square in 
section. For practical reasons, however, the breadth of the key 
is increased, and its shearing resistance is usually in excess. 
Saddle keys, fig. 79, A, are used for fixing light pulleys to 
shafts. In this case, the resistance to slipping is due to 




friction only. Hence, these keys are only used when the 
torce transmitted is small. Keys on fiats, fig. 79, B, are 
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also used in similar cases. A sunk key, fig. 79, C, is much 
safer, because slipping is prevented unless the key shears. 
A sunk key, with a saddle-key placed at right angles to it, is 
a very good aiiangement When a wheel nave is slightly 
larger than the boss on which it is keyed, it rocks, if it is 
held by a sunk key only. This rocking is entirely prevented 
l^ the saddle-key. When a key is so placed that it cannot 
be slacked or driven back from its smaller end, a gib end, 
or head, must be formed on it 

The keys for fixing wheels and pulleys on shafts, have 
often dimensions given by the following empirical rules 1— 

Diameter of eye of wheel =</ 

Widthofkey =d=irf+J (11) 

Mean thickness of sunk key =/=-^-fj- , (13) 
„ key on flat=^, = ^rf-|-^ ■ (i^i) 

When wheels or pulleys, transmitting onlya small amount of 
work, are keyed on large shafts, the dimensions above are 
excessive. In that case, let h. p. be the horses' power trans- 
mitted by the wheel or pulley, and K its revolutions per 
minute ; or, let p be the force in lbs., acting at its circum- 
ference, and R its radius, in ins. Then it is sufficient to 
take, in the expressions above, 

. . * /too H. p. „ 3/pR 

d=J-. ^ . or y^^j . . . (,3) 

Com Keys. When a wheel has to be bored out, to pass 
over a shaft boss, cone keys are used to fix it on the shaft. 
These are of cast iron, and are cast in a single piece, with 
three parting plates, nearly, but not quite, dividing it into 
three pieces. The casting is bored and turned, afterwards 
split, and the rough edges chipped away. Thus are ob- 
tained three cast-iron, slightly- tapering keys, of the thickness 
necessary lo fill the space between the eye of the pulley and 
the shaft. 
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Cotters. 

68. A cotter must have sufficient shearing strength and 

bearing surface, and at the same time should be of such a 

form as to diminish as little as possible the section of the 

parts connected. Fig. 80 shows a simple form of cottcred 



joint, between two wrought-iron bars transmitring a force in 
the direction of their axis. Taking the bearing resistance 
at double the shearing resistance, the bearing surface of the 
cotter on each bar should be half the area of the two 
sections in shear. If /— thickness of cotter, i/=intemal and 
D=extemal diameter of the socket, — 

dt=iji~d)t=\{ibt) 
which give 

b=d 
i>=2ii. 

Let/ be the working compressive or tensile stress on 
the bars,/ the working shearing stress on the cotters. The 
cotters will be as strong as the bars when 
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If both cotters and bars are of wrought iron, f,=f; 
putting also i=rf, we get 

1=0-262 d; D=r332rf .... (14) 

The latter value gives too smalt a bearing surface for the 
cotter, and it is better to take 0=2 d, as found above. 

If ihe cotter is of wrought iron, and the rods of cast 
iron, we may take_^=2i/ Then 

/=0'i3i rfand D=2i/ (15) 

In practice it would often be convenient to make i=^o-s6d, 
and then 0=1-3321^ would be sufficient. 

A steel cotter may be Jths the breadth of an iron one, 
the other dimensions remaining the same. 

The unit for the proportions in fig. 80, is the diameter 
(/of the enlai^ed part of the rod. The inner rod is slightly 
tapered, or has a collar, as shown. The cotter, when driven 
home, draws the two rods together, till the inner rod bears 
firmly on the outer rod. A clearance space is left in the 
cotter holes, to ensure the proper bearing <rf the rods. This 
clearance is termed the draught. 

Fig. 81 shows a bolt cottered into a casting. The effec- 
tive diameter of the bolt is the 
diameter at the bottom of the 
screw thread, and that is the value 
to be taken for d in proportion- 
ing the cotter. The proportions 




marked on the figure have been so modified that the unit is 
the gross diameter d of the bolt 
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Fig. 82 shows a cottered coupling, suitable for rods 
transmitting a longitudinal force. 

69. Friction of Cotters. Let p be the longitudinal force, 
transmitted through two rods, connected by a cotter, t the 
force applied at the end of the cotter, to maintain equilibrium ; 
let one side of the cotter taper i in n, and let the coefficient 
of friction be — . Then, when the cotter is being driven 

T=p ('— + "^t^) =P '-"-"'■'" nearly . (16) 
And if the cotter is driven back or slacked, 

T=p (~ — ^II" I =p l^Tl^ nearly . (17) 

lin= ^ ~' , we get, in the latter case, t=o, that is, the 

colter will slack back under the action of the force p only. 

If-- = — , the cotter will slip when the taper of tlie cotter 

is 1 in 7^. The actual taper of cotters is much less than 
this, in order that there may be no danger of slacking. 

Unless special arrangements are made for 

preventing the slacking of the cotter, its 
taper is never more than i in 16, generally 
not more than i in 24, and often only i 
in 48. 

If excessive taper must be given, to 

I obtain sufficient draught, the end of the 

cotter is screwed, as shown in fig. 83, and 

'*" *" a nut, bearing on a recessed v/asher or 

short tube, "holds it in place. If the nut is tightened up 

when the pressure is acting on the cotter, we should have 

Net area of screw _T__r_ , _ n + m_ , „, 

Shearing area of cotter e m mn— i ' ■ ^ ' 
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In the cotter shown, the taper is ' = -. Taking -L = --, as a 
net area of screw 



2 bl 



=0-4 



or net area of screw =i^th of the cotter section. If the 
cotter is only tightened, when there is no strain on the 
rods, a much less section is sufficient. In that case 

but a ntinimum value should be taken for — . 



Gib and Cotter. 

70. When a cotter is used to connect strap-shaped parts 
toa more rigid rod, the cotter is divided into two parts, one 



Tx% 84. F'S 85. 

acting as an ordinary cotter, the other having hooked ends. 
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intended to prevent the spreading of the strap. It is con- 
venient lo make the outside of the gib parallel to the outside 
of the cotter, and to obtain the necessary drai^ht, by in- 
clining the division plane between them. The taper Is 
usually I in 24 to i in 48 for simple cotters, and i in 8 to i 
in 16, when the slacking of the cotter is prevented by a 
screw. The total breadth b and thickness t of the gib and 
cotter, are the same as for a simple cotter. 

Figs. 84, 85, show ordinary proportions ot gibs and 
cotters. Tlie unit for the proportions is the breadth b. 



Fig. 86. F^. 87. 

The simplest way of securing a cotter is by a screwed 
prolongation of the gib, as shown in fig. 86. A set screw, 
passed through one of the connected pieces, is sometimes 
used. 

Fig. 87 shows another arrangement of gibs and cqtter. 
In this case the space is restricted, and the draught required 
is very small. The cotter is secured by a screwed end, nut 
and washer. 
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CHAPTER VI. 

ON PIPES AND CYLINDERS. 

71. Pipes and cylinders, subjected to internal pressure, 
form parts of many machines. The proper proportions of 
these, and the modes of jointing them, will form the subject 
of the present chapter. 

JTiickness of cast-iron pipes used for waler mains. — The 
ordinary rule for the thickness of a cylindrical vessel, sub- 
jected to an internal or bursting pressure, is given in § 26, 
eq. 2. 

I^E t =thickness of cylinder, in ins, 
i/=dianieter of cylinder, in ins. 
/=excess of internal over external pressure, in lbs. 

per sq. in. 
/=safe limit of stress, in lbs. per sq. in. 

'-^-; (.) 

The average tenacity of the cast iron used for pipes, may 
be taken at 18,500 lbs. per sq. in. Taking the factor of 
safety at 3,^, the highest safe tension is 5,500 lbs. per sq. in. 
Allowance must, however, be made, — (a) for the irregular 
thickness of cast-iron pipes, which are often slightly thinner 
on one side than on the other; {b) for stresses due lo 
hydraulic shock in the pipe, and to bending in consequence 
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of pressure of the earth above, or settlement of the earth 
beneath the pipe. A sufficient allowance will be made, if 
the pipe is calculated for three times the actual working 
pressure, or, what amounts to the same thing, if the limit of 
stress is taken at one-third the value given above. Hence, 
the apparent factor of safety for pipes is 3 X3^^io, and the 
greatest safe stress, due to the actual pressure in the pipe, is 
1,850 lbs. per sq. in. 

In the mains used for the conveyance of water, the 
external pressure is 1 atmosphere, or 33 ft. of water pres- 
sure, and the greatest internal pressure is generally less than 
7 atmospheres, or 231 ft of water. Hence, the excess of 
internal over external pressure may be taken at 6 atmo- 
spheres, or 90 lbs. per sq. in. Putting this value in the 
formula above, we get 

■ ■ ■ (») 

Internal diameter of pipe in ins. 
4 8 12 16 20 24 30 36 42 

Thickness of pipe in t'ns. 

0-0924 o 185 0-277 0-370 0-462 0-554 0-693 0832 o'97o 

Thickness to nearest sixteetith of an inch. 

i A Tff S 3 iV H H ^ 

72, This table shows that some of the thicknesses given 

by the above rule, although ample margin of strength has 
been allowed, are so small that the pipes could not be cast 
with any certainty of success. Many years ago, the following 
rule for the thickness of water mains was given by Mr. 
Hawksley, 
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That rule represents, very fairly, the least thickness which it 
is desirable to attempt to cast. The following rule agrees 
still better with practical experience. Let t^„_ be the least 
thickness which should be adopted for a cylindrical pipe 
casting, of ordinary length and of diameter d, in order that 
there may be no special diflicully in getting it cast. Then 

4...=o-iv'rf+o-i - . . (3) 

Diameter of pipe in ins. 

4 8 12 16 20 34 30 36 42 48 54 60 

Least thiikness of pipe in ins. 

•320 -411 -481 540 -592 639 703 760 -813 -863 -908 '953 

JTiickfiess to nearest sixteenth of an ituh. 

lAiftSHHiHlH" 

Pipes of the thicknesses here given, will in general be 
safe for pressures not exceeding 6 atmospheres, or 90 lbs. 
per sq. iiL, when under 20 ins, diameter, and for 5 
atmospheres, or 75 lbs. per sq. in,, when under 60 ins. 
diameter. When pipes are subjected to greater pressure, it 
is desirable to use the more exact formula given in § 26 
(eq. 2), in calculating the thickness. Putting in that formula 
_/^i85o, it becomes 

'=^l^/4PS-} ■ • • •<*' 

From this formula the following table has been calculated. 
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■1:4 


400 


923 


134 


450 


1039 
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500 


"54 


■179 
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1731 


■332 




2308 


■603 



73. In the following Table, the first column gives the 
lit thif-Vr.Bo= nf nmp whir-Ti if {3 practicable to cast, which 

when equations {2) or {4) 

columns give thicknesses 
should be remembered, that 
n allowance has been made 

somewhat less thicknesses 
ipported as to be protected 

feet of head of water into 
4333. In water mains for 
er cent, greater than that 
;ed in practice. 
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74. Thickness of steam pipes and steam cylinders of cast 
iron. — This is detennined in precisely the same way as the 
thickness of water mains. For steam pipes, the thicknesses 
given in the preceding Table will answer. For steam 
cylinders an allowance has to be made for re-boring. The 
cylinder thickness may be obtained from the following 
equation : — ' 

t=^ — Vc=-<iQo-ii p d->rC . . . . (5) 

3700 

where e ranges from 05 to 075 in carefully constracted 
engines, and is as much as I'o in some cases. The thick- 
ness of engine cylinders is detennined almost entirely with 
respect to iacihty of casting, and is generally excessive as 
regards strength. 

75. Thickness of pipes of other materials : 
For lead pipes /=-ooz5/rf-f--^ 

copper pipes /='oooi8/(/+i>5 

WTOught-iron pipes t=-oooo6 pd+-}f {if welded) 
= -aooi2pd+-^ (if riveted) 
Copper steam, blow-off, or water pipes for engines are 
usually J in. thick ; i^d water pipes, -^ in. ; and ex- 
haust steam pipes, ^ in. thick. 

Pipe Joints. 

7J. Cast-iron pipes are connected by flange-joints, or 

by spigot and faucet joints. The former are stronger, 
easier to connect or disconnect, and are always used when 
the pipes are placed vertically. The latter are less costly, 
and are better for pipes laid in the ground, because they 
permit the pipes to adapt themselves to the inequalities of 
the ground while being laid, and the Une of pipes retains a 
slight flexibility. 
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76. Flanged yoiiits. — The proportions of flanges have 
been to some extent given in § 65. Fig. 88 shows one 



form of flanged joint for pipes, for which the following pro- 
portions may be used : — 

Thickness /i=i'j= J/ 

^4=1 in. 
Width =iff=3;+i 

Diam. of bolts=a=oor rf-/^+0'66 

^ n 

Number of bolts = «== a + - 
Diam. of bolt-hole=3+ J 

The joint shown is made with a lead ring. The joint 
may be made by facing the flanges, and bringing them to- 
gether with a string smeared with red-lead, or an india-rubber 
or gutta-percha ring interposed. A rough joint is made 
with a ring of wrought iron, covered with tarred rope, the 
space between the flanges being filled up with rust cement 

Fig. 89 shows a pipe joint, where one flange is loose. 
The joint is made tight by a lead ring, well stemmed in. 

Fig. 90 shows what is termed a lens joint, which is very 
ea^ly made tight, and adapts itself to a slight flexure in the 
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direction of the pipe. The joint is made by a gun-metal 
ring, turned to spherical surfaces. 



Fig, 89. Kg. 9c 

Fig. 91 shows the joint used by Sir W. Armstrong, for 
the pipes of his accumulator. These pipes are subjected 
y^_^ to the enormous water-pres- 

sure of 800 lbs. per sq. in. 
The pipes are of the best 
remelted cast-iron, and are 
tested to 3,000 lbs. per sq. in. 
They are 5 ins. diameter, and 
I in. thick. Each end of the 
pipe has two strong elliptical 
'*■ '"' flanges, 2% ins. thicic, with tivo 

bolt-holes, 1 1 in. diameter. One pipe slightly enters into 
the other, forming a dove-tailed recess, in which is placed 
a gutta-percha ring, \ in. diameter. 

77. Socket Joi^!. — Socket pipes are jointed either with 
a gasket and lead joint, a rust joint, or a bored and turned 
joint Fig. 92 shows an ordinary lead joint When the 
pipes are in place, a few coils of gasket or tarred rope are 
driven into the socket. Clay is then put round the outside 
of the socket, and a lead ring is cast in it. The clay is 
removed and the lead stemmed tightly into the socket. 
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The proportions may be as follows r Let /=thickness, e 

d'=diameter of pipe ; 

/, = r-o7/+TV 

/j=oo25 d^-\ to 0-02S i^+o-fi 

/'3=o'045(/+o'8 



'^+'375 




Fig. 93 shows a different form of socket The propor- 
tions may be the same as those just given. 

Figs. 94, 95 show two forms of bored and turned 
socket and spigot joints. 

When the bored and U-Jsj" i 

turned part is long, the 
pipes arc rigid, and are 
liable to be broken by the 
earth pressure. Hence, 
the fitting part is now * 
often only | in. in length, *^* "' 

and has a very slight taper. The joint is made by painting 
over the faced part with red-lead, or with iresh and liquid 
.oogic 




134 Machine Design. 

Portland cement. The pipe is then put in place, and driven 
home by a wooden mallei, or by swinging the next length of 




pipe. The socket is filled up with cement Joints of this 
kind are more easily and quickly made than lead joints. 
Socket pipes should be cast with the socket downwards, 
and about a foot of length should be allowed at the spigot 
end, into which the scorias may rise, and which is broken off 
when the pipe is cast. 

Fig. 96 shows two ways of making a socket joint for 
wrought-iron pipes. The sockets are of cast iron Wrought 
iron is chiefly used for very large or very small pipes From 
its thinness, it is liable to more injury from corrosion 
than cast iron, and hence it has been suggested that 
lai^e wrought iron mams 
should be Imed with a 
thin coatmg of Portland 
cement 




78. Joinis for had pipes. — Lead pipes are useful, because 
they are easily bent They are manufactured by drawing 
them over a mandril by hydraulic pressure. They are 
sometimes lined with tin, when used to convey water which 
dissolves the lead. Joints may be made by flanging out 
the ends of the pipes, and compressing these flanges between 
two iron ring?, with bolts. Commonly, the joint is made by 
soldering, and is termed a plumber's wiped joint, fig. 97. 
.oogic 



CHAPTER Vir. 
journals, pivots, axles and shafl'ing. 

Journals. 

79. Journals are those parts of rotating pieces, which 
are supported by the frame of the machine. They are 
commonly cylindrical, but sometimes spherical or conical. 
Some journals run constantly, others support a piece which 
moves occasionally. In the latter case, the strength of the 
journal is chiefly to be considered ; in the former, durabihty 
and freedom from liability to heat are as important as 
strength. Some journals are subjected to straining forces 
in the plane of their axis only, which produce bending and 
shearing stress. Others are subjected to bending and 
torsion, and are calculated by the rules for combined stress. 
Lastly, some journals are supported at one end only ; others, 
which may be termed neck 
journals, are supported at 
both ends. 

80. J^orm of Journals. — 
The ordinary form of journals 
is shown in fig. 98. The bear- 
ing part of the journal is 
turned accurately cylindrical, 
and is terminated by raised 
parts or collars, which bear against the ends of the brass 
steps in which the journal revolves, and limit its end play. 



Iri ^. 



FLg 98. 



.,g,t,ioflb,GoOglc 



136 Machine Desist. 

The length of the brass step is, in some cases, 0*9 of the 
length of the journal. This permits a limited longitudinal 
molion, which ensures uniform wear of the step. In other 
cases, longitudinal play would interfere with the action of 
the machine, and it is made as small as possible. The 
proportional unit for fig. 98, is e = ~-\-- to — \-~. 

81. Fridion of Journals. — It is not possible to estimate 
exactly the friction of journals, because the distribution of 
the pressure on the surface of the journal is dependent on 
the wear of the step. The frictional resistance to motion 
must be between the limits - /< p and - ^ p, where ^ is the 

coefficient of friction, and p the load on the journal. It 
probably approaches the former limit when the journal is 
new, and the latter when it is worn. It is very commonly 
taken at /i p simply, which it would be if the journal 
touched the step at a line only. Taking this value, which 
is accurate enough for journals in their ordinary condition, 
the value of fi, according to Morin's experiments, is 0*05 to 
0'O7 for good journals, well lubricated. Experience with 
railway journals appears to show that the coefficient of 
friction is often much less than this. Experiments by 
Kirchweger gave, for the coefficient of friction of railway 
axles, /i^o'oog to o-oi for wrought iron on white metal, and 
f<^o'oi4 for wrought iron on gun metal, when the journals 
were lubricated with oil. Experiments by Bokelberg and 
Welkner gave coefficients ranging from o'oo28 for small 
loads and low velocities, to 0-013 for great loads and high 
velocities, and in these experiments the coefficients were 
less for gun-metal than for white metal. The experiments are 
not accordant, but they show that the friction is sometimes 
less than it would be if calculated from Morin's values, 
The work expended in friction at n revs, per min. is 
=T=(iPx — '^N ft. lbs. per min. . . (i) 
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Si. Length of journals. — Common experience shows that 
for journals working at high speeds, a greater length is neces- 
sary than for journals ninning at low speeds. Journals 
running at 150 revs, per min., are often only one diameter 
long. Fan-shafts running at 1,500 revs, per min. have 
journals 6 or 8 diameters long. 

If the journal works occasionally for short periods of 
time, it is desirable to make it short, because the less tho 
length of the journal, the smaller its diameter may be for a 
given load, and consequently the less will be the friction. 
If the journal runs constantly, it requires a lai^er surface to 
ensure durability and coolness in working. The larger 
Buriace is better obtained by increasing the length than by 
increasing the diameter of the journal. In the former case, 
the friction remains the same, in the latter it is increased. 
' Some increase of diameter is necessary to maintain equal 
strength, but the diameter should be increased only so much 
as is necessary for that purpose. 

If a journal is strong enough, when of length / and dia- 
meter d, then if, for any reason, the length is increased to /|, 
the diameter must be 

■'.=''y'; w 

to obtain the same strength as before. 

The length of journals, to ensure durability and cool 

working, depends not only on the pressure to which the 
journal is subjected, but also on the material of the journal 
and steps ; on the kind of motion, whether continuous 
. rotation or oscillation ; on the perfection of the lubricating 
arrangements, and on the accuracy of workmanship. It is 
not surprising, therefore, that, in different cases, journals, 
subjected to the same load and running at the same speed, 
should have different lengths. 
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The work t expended in friction produces a quantity of 
heat, 

.._T „ teds ,,, 

"=;="' T¥T • • • ■ (3) 

»Aerejis Joule's equivalent, or 772 ft lbs. That heat should 
be dissipated as fast as it is generated, by conduction from 
the surface of the journal, and it appears to be a reasonable 
assumption that the rate of dissipation is proportional to 
the area of the surface through which the heat is conducted, 
or to the product dl. Let h units of heat be dissipated per 
minute, for each unit of bearing surface, dl. Then 



hdl=<^ 



/3 



■(4) 



where /3 is a constant, to be ascertained by experience in 
different cases. This formula may be put in a more con- 
venient form for crank-pins. Let h. p. be the indicated 
horses' power transmitted to the crank-pin, r the crank 
radius in inches ; then the mean pressure on the crank- 
pin is 

33000 XH. p. X 



4 RN 

Inserting this value in (4) 

/ H-P- 



— nearly. 



. . . .(s) 

where ,_?^ (6) 

For marine engine crank-pins, /I ranges from 250,000 to 
300,000, and y from 04 to 0-33. 

For stationary engii>e crank-pins, the length given is 
usually greater. The older engines, which worked at low 
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pressures, give ;3=66,ooo ; ■> = i-S. Some more modem 
engines give values of |3 rangiug from 100,000 to 200,000, 
and of y from I'o to o-45. 

The outside crank-pins of locomotives are necessarily 
contracted in length as much as possible. They are often 
of steel, and the workmanship is very good. Taking the 
average speed of the engine at 60 ft. per sec, and the steam 
pressure during the stroke at 100 lbs. per sq. in., we get 
(3=1,000,000 to 1,500,000, and y=o'i to o-o66. 

Railway-carriage axles are so largely used that they pro- 
bably approach the miniioum wec consistent with durability. 
An axle 3^ ins, is (fiaroeter, and 8 ins. long, would run cool 
under a load of 2 J- tons at 60 miles per hour. These data 
give 18=400,000, and y=o'25. 

83. If a journal of length / works satisfactorily at n 
revolutions under a load p, and /] Ni Pi are corresponding 
values for another journal, working in similar conditions, 
then, if the above theory is correct. 



/,^p,^i 



■(7) 



For railway journals, running at the same speeds, the length 
should be simply proportional to the load. For engines of 
the same kind, running at the same speed, the crank-pin 
length should be proportional to the load on the piston. 
For locomotive engines, working at the same pressure, 
the crank-pin length should be proportional to the piston 
area. 

It is obvious that the constants /3 and y vary greatly 
in dtfTerent cases. Possibly, the theory of the durability of 
journals is incomplete, but also, no doubt, the amount of 
durability of actual journals varies greatiy. 

84. The following table is calculated for ^8=250,000 
y=o'4. For any other values of /3 or 7, the length is the 

tabular length x ' ^°f°~ , or tabular length x ^ . 
P 0'4 
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Load on 


R™,u,]o„,orjou™.r-ro.;n.« 


^ 


™ 


™ 


^ 


so- 


„«o 


3,000 

s!ooo 

15,000 
zo,ooa 
30,000 
40,000 
50,000 


■a 
■3 

30 

4-0 

6-0 

80 


'4 
■8 
1-5 

11 

8-0 
16-0 


■8 
1-6 

3* 

40 
80 

i6-o 
240 
32-0 
400 


1-2 

I '8 

2 '4 

60 

180 
24-0 
36-0 


J-O 
4-0 
6-0 
8t) 

300 
40-0 


4-0 

6-0 

8-0 

16-0 

40-0 



85. The ordinaiy empirical mode of proportioning the 
length of journals, is to make the length proportional to the 
diameter, and to make the ratio of length to diameter in- 
crease with the speed. For wrought-iron journals'. 



■-=004N+I 



.(8) 



Cast-iron journals may have -/=, and steel journals may 

have -=ri of the above values. 

86. Strength of journals.— \ti the simplest cases, journals 
are subjected exclusively to bending action, which may be 
considered to be uniformly distributed over the length of 
the journal. 

Case I. Crank-pins, or overhung journals supported at 
one end. Let p be the uniformly-distributed load on the 
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journal in lbs. ; d the diameter, and / the length of the 
journal in ins. j /the greatest safe stress per sq. in. for the 
material of the journal. The greatest bending moment at 
the fixed end of the journal is ^p/. Equating this to the 
moment of resistance of a circular section, § 28, 



=/ -1 d'^ifi 



,=:/^'j,i=j^fj(^j-^ 



■ (9) 



For wrought iron, /may be taken at 6,000 to 9,000 lbs. 
per sq. in., the stress on each fibre being alternately tensile 
and compressive (§ 25). For steel,/=i3,5oo to 9,000 lbs.; 
for cast iron,/=3,ooo to 4,500 lbs. 



:/^ 



o'o947 to 00827 for wrought iroa 



J 0-0827 n o'0723 II steel. 



/5u=o'0238 to o'029i for wrought iron. 
/ 0-0291 „ 00194 „ steel. 
o'04i3 .1 00337 „ cast iron. 
This equation may be solved 
graphically. Take ab=v-^ on 

any scale. Describe on a^ a 
semicircle. On the same scale 
take a^= unity, and draw a per- 
pendicular. Then ac= -Jv-f 



= tj^y and draw i 



Taken^: 

perpendicular to ab, cutting i 

produced in e. Then af^^d, 

the diameter required. It will usually be c 
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takeffi=-i. -. and ah = 1^/ ^, where n is some con- 

«* "/ ^ / 

venient muiriplicr. Then at=d, as before. The multi- 
plier may be chosen so as to make fli=about i\ to 3 
times a c. 

87. Case II. Neck journals. — The cross-head pins of 
engines are supported at each end, and loaded imifonuly. 
The bending moment is then p -. 



.=yi2.vp.=yi^y(p,0 



.(.o) 



The diameter of a neck journal may, therefore, be 0-63 of 
the diameter of the equivalent crank-pin journal, if it has 
the same length, 

88. Cast III. Journals subjected to a transverse load 
and a twisting for^. — Crank-shaft journals. Let fig. 100 
represent a side and end elevation of a crank and crank- 
shaft, and let it be required to determine the dimensions of 




BtX] 



the shaft-journal nearest the crank. Let p, acting in the 
direction a b, be the pressure transmitted to the crank-pin 
by the connecting rod, and let q and R be the reactions due 
to p at the shaft journals. These forces may be taken to 
act at the centres of the journals. 
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pn=QM and P+Q=R (11) 

Hence, 

Q = P ^; R=P (^1 + ^) .... (iz) 

The force P produces a bending moment p«, at the centre 
of the shaft journal, causing bending in a plane parallel to 
■ its direction. At the same time, the journal is subjected to 
a twisting moment pxcb^=p/-cos 9. At the dead point, 
where the direction of p passes through c, r cos 9^o ; and 
the twisting moment vanishes. If p is constant, the twisting 
moment is greatest when the connecting rod is at right 
angles to the crank, and is then equal to P r. 

By the rales for combining bending and twisting action, 
§ 42, the stress due to the combined moments is the same 
as that which would be produced by a simple bending 
moment. 

M=iP«+iV{(P«)>+(Pr)») 

=1 { «+ V{P-^f^) ] (13) 

=? (1-84 ff +0-84 r) nearly . . , . (i3«) 

Equating this to the moment of resistance of a circular 
section, 

^=^'^y{^{n + >/mr^)]' ■ .(14) 

=y^^ {^{^■^^•^•^V)} nearly . . {i^) 
where gj^ has the values given above. 

These equations exaggerate a little the straining action, 
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because they neglect the distribution of the load on the 
surface of the journal The length of the journal is to be 
calculated for the pressure R, Usually for crank-shafts 
/=rj to i| d, which allows a large margin for durability. 
Diameter of Wreughl-iron Crank-pin Journals in inches. 
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Pivot and Collar Bearings. 

89. When a shaft is subjected to a force parallel to its 
axis, it requires a pivot, or collar, to prevent longitudinal 
displacement, A vertical shaft has usually a pivot at its 
foot, supporting the weight of the shaft and the gearing 
attached to it. The screw-shaft of a steam vessel is sub- 
jected to a longitudinal thrust, equal and opposite to the 
resistance of the ship. This thrust is usually transmitted to 
a collar -bearing, strongly connected to the framing of the 
ship. 

90. Friction qfapivot.—'Ltt d be the diameter of a flat 
pivot, p the load on it in lbs., ^ the coefficient of friction ; 
N the revolutions per minute. The work expended in 
friction lies between the limits 

J IT ^ p N rf and i T /J p N 1^ ft. lbs. per min. 
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Taking the former estimate, the heat evolved is 
77T ■ I ■ «■ /< P N (f units per min. 
If h units are conducted away per sq. in, of bearing surface. 

4 772 3 
.-. d^cvs (15) 

where ^ is a constant detennined by experience. According 
to Reuleaux, ^=0-0000272. 

91. When the speed is not great, it is desirable to limit 
the intensity of the pressure on the footstep, or there is 
danger of squeezing out the lubricant. Reuleaux gives the 
following values for the maximum intensity of the pressure 
on the pivot. 

/= 

I. Wrought-iron pivot on gun-metal . . . 700 

II. Cast-iron pivot on gun-metal .... 470 

III. Wrought-iron pivot on lignum vitse ■ . 1400 

In order that the intensity of pressure may not exceed 
this limit, we must have 

d=/\^y=kj'f . . . (16) 

Allowing 10 per cent of area for the oil-channels, i5=*046 
in Case I. ; ='057 in Case II. ; ="033 in Case III. 

£q. 16 will give greater values of d than Eq. 15, and is 
to be preferred when 



p=iooo 2500 5000 7500 10,000 15,000 

^ r !■= S3 34 ^4 20 17 14 

— -=■! II.= 66 42 30 24 21 17 

llll.= 38 24 17 14 12 10 
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If the number of revolutions is less than is given in this 
Table, eq. i6 is to be taken ; if greater, eq, 15. 

92. Collar Bearings, fig. 101, are used when a vertical 
shaft has to be suspended from a framing, 
an arrangement used for turbine and centri- 
fugal pump-shafts, in order to bring the 
bearing to a position where it can be easily 
lubricated. They are also used for screw- 
propeller shafts. 

Let p be the load on the shaft {includii^ 
its weight, if it is vertical) ; d^ d^ the outside 
and inside diameters uf the collars ; n, the 
"*' '"'' number of collars ; n, the number of revolu- 

tions per min. Then, by a similar process to that used for 
pivots, we get 

rf,»-rfi^ .... (I7J 

■ «(rf,»-4»)=*'P .... (18) 

where c and k have the same values as before. In using 
these equations, it is best to assume values for </, and d^. 
Then n is easily found. The greater of the two values given 
by the equations is to be taken. 



Axles and Shafts. 

93. The terms axle- and skafl are applied rather indis- 
criminately, to parts d machines which support rotating 
pieces, or which by their rotation convey and distribute 
motive power. They are usually cylindrical, but occasion- 
ally square or cross-shaped in section. They may be classi- 
fied as follows : — 

(1.) Axles loaded transversely, and subjected chiefly to 
bending action. 

(2.) Transmissive shafting, subjected chieHy to torsion. 
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(3.) Crank-shafts and other shafts, subjected to com- 
bined torsion and bending. 

94. Axles loaded transversdy. — In designing axles of 
this kind, it is convenient to determine, first, the dimensions 
of the journals. If the axle is cylindrical, its diameter at any 
other point can be obtained from the journal diameter, _if it 
is remembered that the diameters at any two points should be 
proportional to the cube roots of the bending moments at 
those points. If the section is not circular, it is still con- 
venient to design a cylindrical axle, and then to replace the 
cylindrical sections by eqisivalent sections of any other fonn. 
If the axle rotates, the cylindrical form is the only one which 
is of equal strength in all positions. The mode of design- 
ing axles is best explained by examples. 

95, Example I. — An axle is supported on two end 
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journals, and carries a load, p, at a point between the 
journals. Fig. 102 sbowsi the axle. The load p is in equi- 
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librium with the reactions Q, R, acting at the centres of the 
journals. 

a b 

Q=p — ■, ; R=p F 

a-\-b a^b 

TTiese are the loads for which the journals are to be calcu- 
lated. From the rules in §§ 80-86 will be determined d, rf", 
l,P, and the projections which limit the end-play. The axle 
diameters which it is most necessary to determine are those 
marked d^,d^, and d^. The bending moments at those 
points are m,=rcj Mj=Rfl; M3=q^. The bending 
moments at the fixed ends of the journals are m = r - and 

m'=q -. 

Since at ^ly section the diameter must be at least 
equal to ^^-l^/vi, 



f 

(/,_ yM|_ "/ic- 

d V M V / 



The smallest values of the diameters consistent with the 
requirements of strength are, therefore, easily obtained from 
the journal diameters. 

It is often convenient to measure the bending moments 
from the bending moment curve, which is easily drawn 
thus : — Take 13 on the direction of q produced, and = P, 
on any scale ; choose any pole 0, and draw 104, meeting 
the direction of p produced in 4. Join 30 and draw 45 
parallel to 30, meeting the direction of r in 5. Join 51, and 
draw o 2 parallel to it. Then 12,23 are the values of q and 
R on the scale assumed for p. The vertical ordinates of the 
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triangle 145, are proportional to the bending moments 
at the corresponding points of the axle. The values of 
M, M,, Mj, etc., measured on the diagram, maybe used in 
the preceding equations, in determining the diameters of the 
axle. 

The boss at the loaded part of the shaft, is intended for 
keying on the wheel, or other part supported by the axle. 
Its projection must therefore be sufficient for cutting. a key- 
way, § 67, even if it is then larger than is necessary for 
strength. If at any part the axle is not circular, it is only 
necessary to equate the modulus of a section of the required 
form, to the modulus of the circular section previously 
determined. Thus, if the section is to be square, the 
equation 

will give the side of the square, the values of the moduli 
having been taken from Table IV. § 31. If the axle 
rotates, the value of the modulus must be that which corre- 
sponds to the position in which it is weakest. 

96. Eocatnpie II. — The axle supports two parallel loads 
between the journals. The bending moment curve is drawn 
thus : Let ab be the centres of the journals, cd the points 
at which the loads p Q are 
applied. At the points a 
and h the reactions r, s are 
produced by the action of 
p and Q. On the direction 
of s set off 12, 23, equal 
to Q and p on any scale. 
Choose a pole, o ; join o i, 
intersecting the direction 
of Q in 4. Join o a and 
draw 4S parallel to it, intersecting the direction of p in 5, 
Join O 3, and draw 5 6 parallel to it, intersecting the direc- 
tion of R in 6. If, now, o 7 is drawn parallel to the dosing 
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line 61,37 ^'* 7 ^ will be equal to the reactions R and a. 
Also, 6 I 4 5 is the bending moment polygon, the breadth of 
which at any point, measured parallel to the forces, is pro- 
portional to the bending moment at the corresponding point 
of the axle. Having, therefore, the bending moments, the 
diameters of the axle may be obtained from the journal 
diameters, as before. 

When P=Q and ac=db, the case is one which occurs 
very commonly in practice, in which it will be found that 
the bending moment is uniform from c to d, A railway 
carriage axle is in this position when the carriage is at rest, 
or moving along a straight portion of line. In passing 
round curves, however, it is subjected to torsion as well as 
bending ; and in consequence of the pressure of the wheel 
flange against the rail, the forces are no longer parallel. 
Then the bending action between c and rf is no longer uni- 
form. It is for this reason that railway axles are tapered a 
litde towards the centre. 

The bending moment curve for forces not parallel, is 
drawn in the same way as before, the only difference being 
that the lines 12, 2 3, 3 7, 7 r, parallel to the forces, no 
longer fall on a single line, but form a closed polygon. 

97. Shafts transmitting pmver, and subjected to torsion 
only. — Rotating shafts ate very extensively used, in trans- 
mitting the energy of prime-movers to the various parts of 
the factory or workshop in which it is applied to useful 
purposes. Such shafting was at one time of timber, then 
cast iron was adopted, and later still, wrought iron has 
almost entirely superseded cast iron, except in a few cases, 
where the shafting is not subjected lo much impulsive action. 
In transmitting power shafts are subjected to torsion, but 
they are also subjected to bending action, due to their own 
weight, the weight of the wheels and pulleys they support, 
to the thrust of the gearing and the tension of the belting 
connected with them, and to other causes. This bending 
action is, to a great extent, indeterminate; it will, therefore, be 
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convenient to consider, first, the torsion due to the power 
transmitted, and thea to examine how an allowance can be 
made for the other straining actions. 

Let H. p. be the indicated horses' power transmitted. 
N the number of revolutions of the shaft per minute. 
P tlie twisting force in lbs., acting on a shaft at a radius 

R in ins. 
/the greatest safe stress for the material of the shaft, in 

lbs. per sq. in. 
d the diameter of the shaft in ins. 

The twisting moment is in statical inch lbs,,— 

T=pR=63,024 -^—1 (20) 

The moment of resistance of a circular section with respect 
to torsion is (§ 36) 0196 d^f. Hence, 

rf=J/yy i"R="VpR .... (^i) 

_ 3/ 6.1.024 J /H. P._^ »/H. p. , y 

Taking /=9,ooo for wrought iron ; = 4,500 for cast iron ; 
and = 13,500 for steel ; we get, 

,3= 
For wrought iron .... '08275 3'294 

For cast iron '1042 4150 

For steel 0723 8-877 

98. Shafts subjected to torsion and bending. — Let Mi be 

the twisting moment, and Mj, the bending moment, at any 
section of a shaft. Then, the combined straining action is 
equivalent to that which would be produced by a twisting 
moment t, given by the following equation, which is eq. 27 
of § 43, in a slightly different form. 

T=M»+v'(Mh*rMt») (23) 
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Let Mh=iM, in any given case, so that i is a known 
fraction. Then 

T=<i+%/F+7)M, (24) 

=(183 >£+ '83) M, approximately . . . (2411) 

Then the preceding formulEB may be used in designing the 
shaft, if the equivalent twisting moment is substituted foi 
the actual twisting moment p r in eq. 21. Hence, 

feV(«+-'*M^)«^y^« (>5) 

Of, if d is the proper diameter of the shaft, calculated for the 
combined bending and twisting action, and d is the dia- 
meter calculated for the twisting action alone, by eq. zi or 
33 J then 
d=nd' (26) 

where a is equal to %/ {<i+ r^F+T), or to 1/ {i-Zj, k+Q-%s) 
nearly. The following Table gives some values of « for given 
values of k. 



K=io9 1-17 1-26 134 1-42 1-49 156 1-62 1-83 

It appears, from some calculations of Prof. Rankine, that 
for such cases as the propeller shafts of steam- vessels, where 
the straining action, additional to the torsion transmitted, 
is chiefly due to the weight of the shaft itself, i=o'25 to 
o'5, and the diameter of the shaft should be i'09 to 117 
times the diameter, calculated from the torsion alone. For 
line shafting in mills, the bending action is often much 
greater, and the twisting moment is not constant, but rises 
above the meanvalue, calculated from the power transmitted. 
Practical experience appears to show, that for ordinary light 
shaftmg, k is 075 to i, and the diameter of the shafting is 
126 to 1-34 times the diameter, calculated from the mean 
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torsion alone. For crank-shafts and heavy shafting sub- 
jected to shocks, i=i to i-g, and the diameter is i'34 to 
I '49 times that calculated from the torsion alone. Cases 
occur in which still greater allowance must be made. 

DiamtUrs of Wroughl-iron Shafts for given Tivisting Moments 
in inch lbs., calculated by Eq. 21, 



Twiabig moman 


Diamtttr 


Touting moment 


I».n.cler 




d 




d 


350 


■sa 


60,000 


324 


500 


■66 


70,000 


3-41 


750 


'i\ 


80,000 


3-57 




90,000 


371 


1I500 


■9S 


100,000 


3 '84 


2,tX30 


104 


110,000 


3 97 


a, 500 




120,000 


4-08 


3,000 


I 19 


130,000 


419 


4-000 


1-31 


140,000 


4-30 


5,000 


1-42 


150,000 


4-40 


6,000 


1-50 


175,000 


4-63 


7,5<» 


1-62 


200,000 


484 


10,000 


178 


250,000 


5-21 


12,500 


1-9? 


300,000 


5;S4 


15,000 


i-04 


400,000 




"T.soa 


2-15 


500,000 


6-57 


20,000 


225 


600,000 


698 


25,000 


24a 


750,000 


PI 


30,000 


2-57 




iS,ooo 


8-70 


1,250,000 


8-92 


40,000 


283 


1,500,000 


9-47 


4S,"» 


a-94 


1,750. 000 


9-97 


50,000 


3-05 


2,000,000 


10-42 



For cast-iron shafts, multiply the diameters in the table 
by i'26. For steel shafts, multiply by o'874. To allow for 
bendii^ action, amounting to k times the twisting action, 
multiply also by the value of « corresponding to k, given in 
the short Table above. 
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Diameten of Shafts, ■aiken the Horsei Power and Revolutions 
per miimte are given, cakulaled by Eg. 22. 

Divide the h.p. by the number of rerolulions. The diameter will 
be found opposile the neuEEt number to the quotient in the following 
Table :— 



«!■ 


IKamcur 


«<■ 




~ 


d 


■"" 


d 


■012 


07S3 


4-S 


5-44 


■ojs 


0963 


4-75 


S-S4 


-050 


1213 


5-0 


563 


■07S 


.■389 


SS 


S-S2 




1-529 


60 


5-99 


■IS 


1-750 


6-S 


6-iS 




1-926 


70 


630 


■2S 


2 -075 


7-S 


6-45 


■3 


2205 


8-0 


6-Ss 


'35 


2-321 


9 


■4 


2428 




710 


■45 


2-524 




7-33 


■5 


a-6i4 




7-53 


■6 


2-777 


13 


7-7S 


■7 


2-925 


14 


7-94 


■8 


3-06 




8-12 


? 


3-18 




830 




3-29 


17 


8-47 


125 


3-5S 


18 


8-63 


IS 


3-77 


19 


8-79 


«-75 


3-97 




8-93 




4->5 




9-08 


225 


4-32 




923 


25 


4-47 


n 


9-38 


2-75 


461 




951 


3-0 


::ii 


25 


9-66 


3**5 


26 


976 


3'S 


5-00 


27 


988 


3-75 


512 


28 




4-00 


5-23 


29 




4-25 


5 '34 


30 


10-21 



It the shaft is of cast iron or steel, or if bending action 
is to be allowed for, proceed as indicated at the foot of the 
preceding Table. 

99. Usually in Lne shafting the power is taken off at 
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various points in the length of the shaft. Hence, the shaft 
may be gradually reduced in diameter, and thus material is 
economised and the friction diminished. A long shaft consists 
of lengths of shafting, each of uniform diameter, the reduc- 
tion of diameter being made in passing from one length to 
the next When a shaft is calculated very closely in size, 
its ends m\ist have bosses, to receive the keyways for fixing 
the couplings. The plan of graduating the size of the shaft 
to the work transmitted, has some serious disadvantages. 
The bearings which support the shaft and the couplings, 
wheels and pulleys fixed to it, are not interchangeable in 
position, if the diameter of the shaft is variable. This gives 
rise to much trouble and expense, if the machinery requires 
lo be re-arranged. Shafts of uniform diameter are now often 
adopted, and for such shafts the forging of bosses on the 
ends is unnecessary, because at most points the shaft has 
surplus strength. 

Small shafts often give trouble from insufficient stiffness, 
although they have ample strength. For such shafts, % in. 
to I in, may be added to the diameter, which is sufficient 
for strength, in order to secure stiffness and freedom from 

.vibration. For long shafts, and when ?— is less than i, 

the diameter may be calculated by RedCenbacher's rule, 
which makes the angle of torsion a fixed proportion of the 
length of the shaft Then, 



^=V"t 



where /3 has the same value as before, and the diameter is 
to be multiplied by the same values of «, to allow for 
bending action. 

The span between the bearings of shafting should be so 
arranged as to limit the deflection of the shaft to a fixed 
proportion of its length. Let L be the span between die 
bearings, in inches. Then 
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l.=yX/d* .... (28) 

where y=6o to 75, for shafting supporting its own weight 
only, and y=S4 to 6O1 for shafting carrying the ordinary 
proportion of pulleys or gearing. 




100. It is inconvenient to make shafting in long lengths, 
and hence, lines of shafting are composed of separate lengths, 
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coupled together. The coupling may be a permanent, or 
fast coupling, which can only be removed by unscrewing 



L disengaging, or loose cottpl 
mgeraents for throwing part of 



bolts or slacking keys, 
which is provided with ; 
the shafting out of gear 
as often as necessary. 
In some loose couplings, 
the connection is a fric- 
tional one only, and if 
any sudden strain comes 
on the machinery, the 
coupling slips. Special 
forms of coupling are 
used when the con- 
nected shafts are not in 

loi. Fast couplings. 
— Figs. 104, ro5, and 
106, show three forms 
of coupling, known as 
' box' or ' muff' couplings. 
In these a cast-iron box, 
or hollow cylinder, is 
fitted over the ends of 
the shafts. In figs. 104 
and 106, the coupling is 
termed a butt coupling, 
and relative movement 
of the shafts is prevented 
by a wrought-iron key, 
which lies in a key-way, 
cuthalf into the box and half into the shaft ends. Fig. 105, 
is a half lap coupling, the shaft-ends overlapping, so as to 
prevent relative motion independently of the key, whose 
chief function is to fix the box rigidly in place. The keys 
are proportioned according to the rules in 567. In fig. 105, 
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the key is a saddle-key. The other dimensions may be 
obtained from the proportional numbers. The half-lap 
coupling is an excellent coupling for shafts not exceeding 5 
ins. diameter, but is somewhat expensive. The butt coup- 
ling is cheaper, but less secure. Both forms are free from 
projections likely to catch the clothes of a workman. 

102. Fig. 107 shows a flange, or face-plate coupling. 
It consists of two parts of cast iron, firmly fixed by keys to 
the two shaft ends. The face of each coupling is turned 
after it has been keyed on the shaft, so that it is accurately 
perpendicular to the axis of the shaft. The couplings being 
brought together are fixed by bolts, which prevent relative 
movement by their resistance to shearing. In the coupling 
shown, the bolt-heads are sunk in the substance of the 
flange, for safety. The bolt-holes must be drilled, and the 
bolts carefully fitted. The number of bolts may be 

""S+f (>9) 

the nearest even number being usually taken. 

Let R be the radius of the bolt circle. Then, when the 
shaft is strained to its limit of elasticity, eq. ii gives, for the 
shearing force on the bolts, 

5-1 R 
The resistance of the bolts to shearii^ is - « i! '/. Equaling 

this to the shearing force, we get, for the diameter of the 
bolts. 



V(fJ 



In practice the bolls are often a little larger, and may be 

S=^+i (30«) 

To keep the shafts in line, the end of one shaft may enter 
into the coupling on the other i to i inch. 
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103. Sellers's Doable Cone Vice Coupling. — With box 
couplings it is generally necessary to forge bosses on ihe 
shaft-ends, to receive the 
couplings. This prevents 
pulleys and wheels being 
put on the shafts from 
the ends. The face-plate 
coupling depends for its 
solidity or. a taper key, 
and cannot be often 
loosened without danger 
of impairing its accurate 
adjustment relatively to 
the axis of the shaft. 
Mr. Sellers lias intro- 
duced a coupling which 
obviates these difficul- 
ties, and which does not 
require such perfect fit- 
ting. Fig. 108 shows 
this coupling in longi- 
tudinal section, and end 
elevation and cross sec- 
tion. It consists of an 
outer cylindrical mutf, or 
barrel, enclosing the ends 
of the shafts. The in- 
side of this is turned to 
a double conical form. 
Between the barrel and 
the shaft are two sleeves, 
the outsides of which 
are conical, and iit the 
box, and the insides are ^*' "*- 

cyUndrical, and fit the shaft These sleeves are pressed 
together by three screw-bolts, paiallel to the shaft. The 
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bolts are square in section, and rest in slots cut into tlie 
sleeves and the bairel. To give elasticity to the sleeves, 
they are completely cut through on one side, at the bottom 
of one of the bolt slots. Each sleeve is drawn inwards 
with equal force, and grasps the shaft with equal tightness. 
A key is driven into each shaft-end, as an additional 
precaution, but these keys should fit sideways only, and 
not at top and bottom. They do not then exercise any 
bursting force on the couphng Absolute equality of size of 




t d\i 



the shafts is unnecessary. When two shafts of unequal size 
ere connected, the larger is turned down, at the end, to the 
size of the smaller. These couplings are sometimes difficult 
to disconnect To obviate this, it has been proposed to 
tap a set screw through the barrel, having a conical end 
pressing against the two inner sleeves. When this set screw 
is turned, it separates the sleeves. If the parts are well oiled 
before they are put together, there is no great difficulty in 
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disconnecting. The bolls are taken out, and the coupling 
struck with a wooden mallet, or a wedge is driven into the , 
split through the sleeves. 

104, Claw coupling. — For very large, slowly- rota ting 
shafts, it is desirable that the coupling should have a slight 
amount of play, so that when the shafts are a little oui o( 
line, the coupling accommodatesitselfto the obliquity, without 
straining the shafts. The claw coupling may then be used. 



either as a fast coupling, or so arranged Aat one half can 
be slid back, and the shafts thrown out of gear. Fig. 109 
shows this coupling, arranged for disengaging. It consists 
of two parts, like the face-plate coupling; but each part has 
projections, which fit in recesses in the opposite coupling. 
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In the coupling shown, the left-hand part is prolonged, and 
has a groove cut round il. In this fit the jaws of a lever, for 
Eliding it back. The right-hand part is firmly keyed on its 
shaft The left-hand part slides on a fixed key, or feather, 
which is not tapered. The claws of one coupling fit a little 
loosely in the recesses of the other, so as to permit a small 
amount of play. 

105. Universal coupling. — When the axes of two shafts 
which are not in line intersect, they may be connected by 
a Hooke's joint, or universal coupling, shown in fig. 110. 
The velocity ratio of the shafts is then variable, but if their 
directions make a small angle, the variation is not great, 
and is generally unimportant The proportional unit for 
the dimensions is rf-t-^ or d-\- 1. 

Planished wroughl-iron shafting. — The round bars which 
come from the rolling-mill are rough and slightly crooked. 
Shafting made from such bars must be turned from end to 
end in the lathe, to obtain uniformity of diameter and 
smoothness of surface. A process has, however, lately 
been introduced which promises to supersede turning in 
many cases. By passing the bar while still hot between 
rapidly revolving bevilled rollers, the scale is cleaned off 
and the bar rendered so straight and regular that it may be 
used for shafting, after having been merely polished with a 
file and emery stick, either in the lathe or in place. 
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CHAPTER VIII. 

BEARINGS FOR ROTATING PIECES. 



Pedestals. 

ro6. The simplest form of journal bearing is a cylindri- 
cal hole in the frame supporting the rotating piece. Such a 
hole wears oval in the course of time, and does not admit of 
readjustment. The hole may be lined with a brass sleeve 
or bush, or with scft metal ; it can then 
be restored to its original condition by 
a new brass bush, or a new lining of 
soft metaL A better, though still a 
very simple, form of bearing is shown 
in fig. III. In this the bearing is still 
in part formed in the frame of the 
machine, but it is in two parts, which 
are so arranged that the upper part 
can be tightened down on the journal 
by bolts, as it wears. The projections 
on the cap prevent any horizontal 
movement. The wear, being most often 
due to the weight of the pieces sup- 
ported, takes place vertically. When 
"•■ '"■ this is not the case, the division of the 

bearing should be at right angles to the direction of the re- 
sultant pressure on the joumal One more improvement is 
.oogic 
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necessary, to make the bearing permanently independent 
of wear. That is,' to Hne the bearing with two brass or 
gunmetal steps, which can be removed and replaced by 
new ones, when so much worn that the cap adjustment is 
insufficient to keep the journal steady. The brass steps 
tend also to preserve the journal from irregular wear. 

Fig. I r 2 shows a typical pedestal, with the foundation, or 
wall plate, on which it is fixed. This wall plate spreads the 
pressure of the pedestal over a larger area, and affords a 
levelled surface, on which the pedestal can be adjusted with 
less trouble than on the rough masonry of a wall. The 
steps are shown externally of hexagonal form, the shape 
most convenient for hand fitting. They are often cylin- 
drical, and are then turned in the lathe, and the pedestal is 
bored out to receive them. The steps have flanges, to 
prevent lateral movement. The under surface of the pedes- 
tal, and the upper surface of the wall plate, have narrow 
chipping strips, to facilitate the adjustment of level. The 
bolt holes in the wall plate and pedestal base are oblong, so 
that the pedestal can be shifted laterally in either direction. 
When adjusted to its true position, it is fixed by hard wood 
wedges, driven between the ends of the pedestal and jaws 
cast on the wall plate. 

The diameter and length of the steps are the same as 
those of the journal. The other dimensions may be ob- 
tained from the proportional figures, the unit for which is 
4/+ *. 

107. Fig. ii'3 shows sections of three ordinary forms of 
brass or gunmetal steps, and a half plan, half longitudinal, 
section of a step. The step is fitted, to the pedestal for a 
portion of its width only, at each end, the intermediate part 
being recessed, and left rough. When the step is turned, 
instead of being fitted by hand, it sometimes bears on the 
pedestal over its whole width. The hexagonal step cannot 
turn in its seat. The cylindrical step requir.es a snug, to 
prevent turning. The composition of the gunmetal, white 
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brass and phosphor bronze, used for steps, is given in 
Chapter I. When antifriction metal is used, it is usually 
applied as a lining to a gunmetal step, and is cast in shal- 
low recesses formed to receive it 




The thickness of the steps at the bottom, where the wear 
is greatest, may be 

t=a-a-,d-^\ to o-i(/+ J. 

At the sides the thickness may be %t. The proportional 
unit for the dimensions of the steps is /. 

io8. Wei^hi of pedestals. — The approximate weight of the 
cast iron in pedestals is given approximately by the follow- 
ing equation : — 

w=i-irf3+ iSlbs. 

and the weight of a pair of steps is 

w=oz3<^+ 6 lbs. 
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From 7" upwards, the pedealals have t 
n cap arid base plate. 



> bolts on cacli side, both 



109. When a pedestal requires to be elevated abpve its 
support, the fonn shown in fig. 114 is used. Thepropor- 
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tions of the steps, cap and cap bolts, are the same as for an 
ordinary pedestal. The other dimensions are given on the 
figure, the proportional unit being, as before, d-^\. 



At times a pedestal requires to be contracted in dimen- 
sions. Fig. 115 shows a very neat and compact pedestal, 
designed by Mr. Arthur Rigg, C.E. The cap fits in a 
cylindrical recess in the body, which can be turned out in 
the lathe. The bolt holes are bored out, and the recess for 
the steps also. The pedestal may be still further contracted, 
by making the cap bolts double-ended, and using them both 
for attaching the cap to the body, and the body to its sup- 
port. The base is then absent. 
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Sometimes a pedestal has to be fixed to a wall. Then 
the bracket pedestal shown in fig. 116 is used. The unit 




for the proportions is if + J. An ordinary pedestal may be 
used, fixed on a bracket such as that shown in fig. 1 1 7. The 



170 Machine Design. 

recess under the bearing in fig. 1 16 serves to receive a tin 
dish, which catches the oil drippings. When a pedestal is 
fixed in a wall, a wall box is used These wall boxes (fig. 




r™nr~°n 



118) not only give a firm and level support to the pedestal, 
but they cany the wall over the opening, and give a regular 
form to the opening. 

no. Long bearings for high speed shafts. — When a shaft 
runs at a high speed, the bearings must be long, to secure 
durability. The steps 
are then often of cast 
iron, which answers welt 
as a support for wrought 
iron, if sufficient bear- 
ing surface is given. 
But the longer the bear- 
ings are, the more im- 
portant it becomes that 
they should be exactly 
concentric, and in line. 
For long shafts, it is 
tiien desirable to give 
the steps a spherical 
- seat, so that they may, 
to some extent, adjust 
• themselves to the posi- 

■ tion of the shaft. In 
*■"'*■ '"*■ America fast running 

1 bearings four diameters long, 



shafts, supported on cast-ii 



extensively used, and for carrying these shafts, 
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Mr. Sellers has introduced the pedestal shown in fig. 119. 
The steps ave supported on the spherical parts, and can 
rotate slightly, either horizontally or vertically. The spheri- 
cal parts ought, in strictness, to be struck from the same 
centre on the axis of the shaft. In the drawings in Mr. 
Seikrs' paper ('Journal of Franklin Institute,' 1872, and 
' Engineering,' vol. xv. p. 1 7), the spherical surfaces seem to 
be struck with a rather shorter radius. The lubrication of 
these pedestals is peculiar. The ordinary lubrication is at 
the centre of the pedestal ; in addition to this, two cup- 
shaped hollows are formed near the ends of the top step. 
These are filled with a mixture of tallow and oil, which is 
solid at ordinary temperatures, and melts at about 100° F. 
If the step heats from failure of the ordinary lubrication, 
the tallow melts, and prevents injury to the shaft. A drip 
cup is provided under each end of the pedestaL 

III. Self'lubricating pedestals. — Many pedestals have 



been designed with oil reservoirs, which enable the pedestal 
to Tim six months, without additional lubrication. Fig. izo 
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shows ^lohler's pedestal. This has a lower brass only, 
divided into two portions by a collar on the shaft. The 
lower part of the pedestal is hollow, and forms a reservoir, 
into which the collar dips. Asthe shaft revolves, the collar 




lifts the oil, and distributes it to the shaft on either side. 
The surplus oil flows back into the reservoir. The objec- 
tion to tiiese pedestals is that they require a la^e supply of 
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oil at first, which gradually becomes viscid by absoiytion cf 
oxygen, and is then useless. 

112. If angers. — When a shaft is supported from the 
ceiling girders, the pedestal is modified in form, and is- 
termed a hanger. Two forms are used ; in one, fig. 121, the 
pedestal base is bent round and upwards, and attached to 
the ceiling on both sides ; in the other, the pedestal is sup- 
ported on one side only. The latter arrangement facilitates 
t'he dismounting of the shaft, but requires more metal in the 
hanger. 

113. Fig. 122 shows a hanger for two shafts, whose 
directions intersect. This happens when one shaft drives 
another by bevil gearing. The cap of the upper pedestal is 
kept in place by keys. The steps, bolts, and caps of this 
hanger may be designed as for ordinary pedestals. The 
proportional unit for the remainder of the pedestal is 

where i/j is the diameter of the greater, and d^ that of the 
smaller, of the two shafts. 

Axle Boxes. 

114. Axle-boxes are peculiarly formed journal- bean'ngs, 
by which the weight of locomotive engines and railway 
carriages is transmitted to the axles. The axle-boxes of 
carriages are of very various forms, and will not be treated 
here. The axle-boxes of locomotive engines are more sim- 
ple, and may be briefly considered, as illustrations of modi- 
fied pedeslals. In a good axle-box the lubrication should 
be constant, and not wasteful ; the journal should be pro- 
tected from grit; and should fit easily in the step, with a 
moderate amount of end play. Axle-boxes consist of an 
outer casing, a step of gunmetal or other alloy, and a hol- 
low shell, closing the under side of the box, and receiving 
the surplus oil. The outer casing is accurately faced on 
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both sides, to fit the space prepared for it m the horn plates, 
between which it sHdes vertically, and it is provided with 
flanges, which permit a small amount of lateral play. The 
upper part is formed into an oil box, from which copper 
tubes conduct the oil to the journal. It has also usually a 
socket, to receive the end of the spindle, through which the 



weight of the engine is transmitted to the box. This rod 
bears on a plate spring at its upper end. External axle- 
boxes are closed in front, and being of rather complex form, 
an; of cast iron. Axle-boxes for internal framings are simpler, 
and are of forged wrought iron, or of cast steel. In the 
older axle-boxes, wedges were provided on each side, to com- 
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pensate for wear, but these are now generally omitted. The 
step is like that of an ordinary pedestal, and is sometimes 
lined with soft metal. For rolling stock the pressure does 



^i .- 




not generally exceed 300 lbs. per sq. in. of bearing surface, 
and for engines it rarely exceeds 224 lbs. The bearing 
surface is the product di of the diameter and length of the 
journal. 
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The axle-box shown in figs. 123, 124, is a trailing axle 
box of cast iron. Let D be the diameter of the cylinder. 
The bearing surface on each side may be 0^4 d» The 

thickness of the step is - **> t, where d is the journal 
diameter. Lengthways, the step may be ^th shorter than 
the journal, to allow a little end play. The unit foe the 
proportional figures is d-^ \. 



Footstep Bearings. 

115. When a shaft is vertical its lower end rests in a 
kind of pedestal, termed a footstep. The ordinary arrange- 
ment is shown in fig. 124. Lateral motion is prevented by 



a brass bush, fitting in a cast-iron fixing, and end movement, 
by a brass or steel slightly cup-shaped disc, on which the 
shaft pivot revolves. The thickness of the brass may be 
/=0'07rf+|. The unit for the other dimensions '\&d-\-\. 

When exact vertical and lateral adjustment of the foot 
step is necessary, the arrangement in fig. 126 is adopted. 
The lateral adjustment is effected by four set screws, and 
the vertical adjustment by a single set screw. The hori- 
zontal screws are tapped into the casting, and fixed by lock 
nuts. The vertical screw has two nuts. Unit (^+ J. 
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When a footstep works under water, there is difficulty in 
ensuring proper lubrication of the pivot Fig. 127 shows a 




turbine pivot, enclosed in an oil casing, through which a 
flow of oil can be ensured. Two small copper pipes are 
connected with the casing, and these are conducted to points 




above the water level The shaft passes into the casing 
through a stuffing box. The end of the shaft is provided 
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with a steel disc, working on a similar disc fitted in the 
casing. 

Another arrangement which is very effective, is to dis- 
pense with the ordinary metal pivot, and replace it with a 
pivot of lignum vitae. For metal on wood, water is an ex- 
cellent lubricant, and such bearings work with very little 



Fig. wB. 

wear under great pressures. The pivot, fig. 128, is in- 
verted, so that grit is less Hkely to enter. The pivot is 
adjusted vertically by a set screw. The end of the shaft is 
enlarged, bored out, and fitted with a brass step. A groove 
is cut round the pivot, which being always filled with water, 
ensures proper lubrication, 
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CHAPTER IX. 

TOOTHED GEARING. 



ii6. Gearing is a general term for the means of trans- 
mitting motion, but it is especially employed to denote the 
wheels by which motion is transmitted from one shaft to 
another. The wheels employed for transmitting motion 
are almost always toothed wheels, but it is convenient to 
study first the action of toothless rollers, because each 
kind of toothed wheel is equivalent cinematicatly to a 
toothless roUei. 

Constant Velocity RAXia 

Parallel shafts. — Let two accurately-turned cylindrical 
rollers be keyed on the shafts, of such a size that they 
are in contact Then, if one shaft revolves, the other must 
revolve also, provided the 
resistance to motion is not 
greater than the frictional 
resistance of the rollers 
to slipping. If there is 
no slipping, the velocities 
of the rollers at the point 
of contact must be equal. 
''*"'' Let N| Nj be the number 

of revolutions of the shafts per minute, and r,, r^ the corre- 
sponding radii of the wheels. The velocities at the point 
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of contact are sirriN,, and zir^jNa. Since these are 
equal, 



and the velocity ratio is constant Toothed wheels corre- 
sponding to rollers of this kind, are called spur wheels. 
The surfaces of the rollere are tenned///<rA surfaces. Planes 
normal to the shafts cut the pitch surfaces in circles tenned 
pitch lines. The point of contact, /, is the pitch point. 

Shafts the directions of which intersect. 
Let two conical rollers be placed on the shafts, then one 
will drive the other with uniform velocity ratio, as in the last 
case. Toothed wheels corresponding to these rollers are 




tenned bevil wheels. In practice, the shafts are in most 
cases at right angles. The radius, or diameter, of bevil 
wheels is conventionally measured at the larger end. 

Shafts the directions of which are net parallel and do not 

intersect. 
Place on the shafts frusta of hyperboloids, generated by 
the revolution of a straight line about an axis to which it is 
not parallel. Then one shaft will drive the other with con- 
stant velocity ratio, though there will be sliding in the direc- 
,o„glc 
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tion of the line of contact. Toothed wheels corresponding to 
these rollers are termed skew bevil wheels. 




Velocity Ratio Variable. 

In all the preceding cases the sections of the rollers by 
planes perpendicular to the shafts are circular, and the 
ratio — , which is also the velocity ratio, is constant If 
the rollers axe of elliptical or of some other form of section, 
the ratio — and the velocity ratio are variable. In any case 

the condition ri + rj= constant must be fulfilled, or the 
contact of the rollers during rotation will cease. 

117. With toothless rollers it is difficult to transmit much 
force, without causing a slipping of the rollers. The rollers 
may be covered with india-rubber or leather, which com- 
presses a little, and thus neutralises the effect of inaccuracy 
of form, but such arrangements are rarely used. A better 
plan is to cut circumferential wedge-shaped grooves in the 
rollers, and to place them so that the projections on one 
roller fit the recesses of the other. Gearing of this kind is 
termed frictional gearing. The resistance to slipping is 
greater than with smooth rollers, but slipping is not alto- 
gether prevented. In some circumstances this is an advan- 
tage, A much more generally adopted modification of 
smooth rollers is to form teeth upon them; the teeth of ' 
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one wheel fit the spaces in the other, and slipping is pre- 
vented if the teeth do not break. 

If the teeth are properly formed, the motion of the 
wheels is identical with that of two imaginary smooth rollers, 
whose surfaces form what are termed the pitch surfaces of 
the wheels. Hence, if r\ r, are the radii of the wheels, 
measured to the pitch surfeces, 
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as before. The importance of fonning the teeth so that 
the velocity ratio is constant, is very great. If the velocity 
of the driven wheel varies a little during the contact of each 
pair of teeth, an irregular and injurious motion is imparted 
to the machinery. In addition, since the inertia of the 
driven machinery resists alteration of velocity, the tooth of 
the driven wheel will be carried forward relatively to the 
driving tooth, and will strike against the next tooth in front. 
Thewheels then workwith noise and vibration. Thisaction 
is termed back lash, 

118. Material of gearing. — Ordinary gearing is made of 
cast iron, and two methods are adopted in moulding wheels. 
The older plan is to construct an accurate pattern in wood 
of the entire wheel ; from this pattern any number of wheels 
can be moulded. The other plan is to mould the rim of 
the wheel, from a pattern of two or three teeth only, in a 
wheel -moulding machine. The pattern of the teeth is fixed 
to a radial arm, which can be revolved very accurately, 
through any required fraction of the circumference. The 
arms of the wheel are formed by dry sand- cores, moulded in 
core boxes. Very small wheels are cast with a blank rim, 
and the teeth cut out in a wheel-cutting machine. 

Pattern- moulded wheels are less accurate than machine- 
moulded wheels, partly because the wood pattern is liable 
to warp, and partly because in moulding the wheel, it is 
necessary to give a slight taper, or draught, to the teeth. 
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The wheels should be placed in gear with the draught of 
one wheel in the opposite direction to the draught of its 
fellow, but this is not always attended to. The result is 

that the teeth bear on each other chiefly on one side 
Machine-cut wheels are expensive, and the teeth are gene- 
rally inferior in form to those of moulded wheels. 

119. Mortice wheels. — When wheels are mn at high 
velocities, the teeth of one of each pair are of wood, and 
are termed cogs. These cogs are morticed into an iron 
rim, and shaped by hand. The iron wheel, which works 
with a mortice wheel, is usually 'pitched and trimmed,' 
that is, the rough surface of the teeth is chipped away, and 
the teeth are filed perfectly smooth. This ensures greater 
accuracy in the form of the teeth, and prevents the destruc- 
tion of the wood cogs by the rough surface of the casting. 
Mr. Heys states that, with machine- moulded wheels, it is 
only necessary to clear off the sand from the surfaces of the 
teeth, and to file them smooth. No chipping is necessary. 

When wheels are subjected to vibration and shock, 
gun-metal or phosphor-bronze is preferable to cast iron. 
In a few cases, wheels have been made of wrought iron or 
cast steeL Mr. Heys prefers malleable cast iron to any 
other material in such cases. 

lao. Relation behoeen the number of tteth and the radius 
of the wheel. — The distance measured along the pitch line, 
from the centre of one tooth to the centre of the next, is 
termed ibe/iteh of the wheel. Ordinarily the pitch ranges 
from i^ in. to 4 ins., but sometimes it passes these limits. 
Let / = the pitch, rf=the diameter, « = the number of 
teeth in a wheel. For reasons which will appear presently, 
the pitch for any one wheel is made uniform all round the 
circumference. Then, np is equal to the circumference of 
the wheel, 
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To lay off the pitch on the pitch tine.— The following con- 
struction is convenient, when the wheel is so large that it 
is impossible to find the exact pitch, by stepping round the 
pitch-line. Let the circle, tig. 
132, be the pitch-line. At any 
point, a, draw the tangent ai. 
Make ad = the pitch. Take 
ac=iat. With centre i", and 
radius c b, draw the arc b d. 
Then the arc a rf is = j A, and 
is the pitch laid off on the pitch- "^' '^'' 

line. When the wheel has many teeth the arc a d sensibly 
coincides with its chord, but, if it has few teeth, there is an 
appreciable error in taking the chord a d equal to the pitch. 
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rai. Parts i;md proportions ef teeth.— Y\%. 133 shows the 
general form of wheel teeth, drawn, for convenience, on a 
straight pitch line. bd\^ the thickness of a tooth ; de, the 
side clearance ; eb, is the width of a space; i a is the iace, 
and b c, the flank of a tooth ; gk is the bottom clearance. 




In working, the faces of the teeth of one wheel come 
into contact with the flanks of the teeth of the other wheel. 
Also, while the point of contact is approaching the line 
of centres, the flank of the driving acts on the face of the 
driven tooth ; while the point of contact is receding from 
the line of centres, the face of the driving acts on the flank 
of the driven tooth. The arc of the pitch-circle, through 
which the wheel turns during contact, is called the arc of 
contact, and the portions into which it is divided by the 
pitch point, are the arcs of approach and recess. The length 
of the arc of approach depends on the length efface of the 
driven tooth, and the arc of recess on the length of the face 
of the driving tooth. 

In ordinary gearing, the teeth have the following pro- 
portions : — 

Pitch =/ 

Thickness of tooth = 3rf"=*48/ to '485/ 
Width of space ^be = -52/ to s^lp 
Height of tooth = -6 /to 75/ 

Height above pitch line = -25/ to 33/ 
Depth inside pitch line = '35/ to •^2p 
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The following proportions are good : — 
Thickness of tooth = o'48 p — ■03, for pattern -moulded 
wheels. 
„ ^o'485/— '03, for machine-moulded 

wheels. 
Width of space = 0-52 / + -03, for ])attftrn-moulded 
wheels. 
„ =0-515/+ -03, for machine- moulded 

wheels. 
Height above pitch line = 0-3/ 
Depth below „ = o-35/+o-o8 

Mortice wheels usually have the wooden cogs- of one 
wheel thicker than the iron teeth of the other wheel, and 
the teeth are sometimes a little shorter than those of ordi- 
nary gearing. The clearance also may be very much re- 
duced. The following proportions are good : 

Thickness of iron teeth . . . 0-395/ 
„ wood cogs . . . 0595/ 

Height outside pitch line . . 0-25/ 
Depth inside pitch line . . . o'29/-)-o3 
The width of the face of the wheel varies much. In- 
crease of width does not increase the strength of teeth, but 
increases their durability. The average practice is to make 
tlie width of face 2 to a J times the pitch. 

Conditions determining the Form of Teeth. 

122. Condition of amiinuous contact of a pair of leeih. — 
Let A and b be two spur wheels rotating at any moment 
with angular velocities -|-ui and —nif Nothing wtil be 
chained in the relative motion of the two wheels, if a rota- 
tion —oil is impressed on each. Then a's anjgular velocity 
of rotation will be u,-cui=o, that is. it will be at rest. The 
centre of b will rotate about a with the velocity — w,, and b 
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will rotate about its own centre with the velocity — (ui + wj). 
Hence, the motion of b will be the same as if it were at the 
moment rotating about an axis, placed at a point dividing the 
line of centres in the ratio uj : uj, or it will roll on the pitch 
line of A. Now let a tooth be fixed to b. In order that that 
tooth may remain continuously in contact with a tooth on a, 
the form of the latter must be the envelope of the successive 
positions of the tooth on b, as it moves round a. The form 
of the tooth on b is not arbitrary. Only certain forms give 
to the envelope shapes which are practically realisable as 
wheel teeth. 

If two solids, such as two wheel teeth, move in contact, 
they must have equal velocities in the direction of their 
common normal. For if the velocities were not equal, one 
tooth would be penetrating into the space occupied by the 
other. But in the case above one tooth is at rest. There- 
fore the other can have no velocity in the direction of the 
normal to its surface at the point of contact. Hence the 
point of contact must always fall in such a position that tiie 
normal to the tooth at that point passes through the axis of 
rotation at the moment, that is, the point which divides the 
line of centres in the ratio wj ; «ij, which coincides with 
what is commonly termed the pitch point. 

Condition thai the teeth may act simultaneously. — In order 
thiU all the pairs of teeth may have the same work to do, 
they must come into action at the same point, and remain 
in action while the wheel turns through the same angle. AH 
the teeth should therefore be similar in form. In actual 
wheels, two pairs of teeth (sometimes more) are simulta- 
neously in contact. Let a and /3 be two positions of the 
simultaneous points of contact of two teeth a and b. Then, 
under the conditions assumed above, when a is reduced to 
rest and b moves round it, the two envelopes passing through 
a and ;3 are simultaneously described- Therefore wi,«j must 
be the same for all the teeth, both in the position a and the 
position /}. Since a correspor-ding relation must hold for 
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allpairsof contact points, u, andu, must be constant for the 
whole period of contact, that is, the velocity ratios of the 
wheels must be constant,' 

Condition of eonstaney of velocity ratio. — To a certain 
extent this is secured by having the teeth numerous and 
small But in addition, the single and sufficient condition 
which ensures tHe constancy of the velocity ratio, during 
the action of each pair of teeth, is this : — The common 
normal to two teeth at the point of contact, must always pass 
through the pitch point,* a condition which is fulfilled if one 
tooth is the envelope of the relative positions of the other. 

Influence of the form of the tooth on its strength. — It will 
be seen presendy, that the teeth tend to break across at the 
root The teeth are stronger the shorter- they are, and the 
thicker they are at the root. They cannot be shortened 
without reducing the arc of contact, and their length should 
be such as to ensure a sufficient, but not excessive, arc of 
contact. The thickness at the root depends on the form 
selected for the teeth. Involute teeth are generally stronger 
than cycloidal teeth ; with cyctoidal teeth, the teeth are 
stronger the smaller the diameter of the describing circle used 
for the flanks. In no case should the flanks be described 
with a rolling circle the diameter of which is greater than 
half the diameter of the pitch line, inside which it is rolled. 

Conditions of durabiiity. — The rolling of the teeth over 
each other, so as to spread the contact over a considerable 
length of tooth, is advantageous, but the sliding of the teeth 
against each other is injurious. The amount of sliding 
action is the difference of the length of the face of one 
tooth and the acting part of the flank of its fellow. To 
ensure durabili^ these two should be nearly equal The 
wider the face of the wheel, the more area there is to resist 

' This was pointed out to the Author by Prolessor HuS of Delft. 

■ If the pitch line is not circular, anil Ihe common normal to the 
teeth always passes through the pitch point, the wheels have the same 
varying velocity ratio as smooth rollers, coinciding with the pilch lines.' 
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the pressure. According to Willis, the friction is more in- 
jurious during the approach of the teeth to the pitch point, 
than when receding from it For this reason it would be 
advantageous to shorten the faces of the teeth of the driven 
wheel, even at the cost of having to lengthen those of the 
driving wheel. 

123. Arc 0/ contact — If from the points where the con- 
tact of a pair of teeth begins and ends, radii are drawn to 
the centre of the pitch circle, they will cut off an arc of the 
pitch circle, termed the arc of contact This is divided by 
the pitch point into two parts, termed the arcs of approach 
and recess. To ensure continuous working, one pair of 
teeth must always be in gear, and hence the arc of 
contact must be at least equal to the pitch. Wheels are 
sometimes made so that contact occurs only during the 
receding of the teeth 
from the line of centres. 
\ Then the arc of recess 
'7 must be at least equal 
to the pitch. Ordinary 
gearing is so con- 
structed that Che wheels 
are reciprocal, that is, 
either wheel of a pair 
may be the driver. In 
that case, the arcs of ap- 
proach and recess are 
equaL In ordinary 
/ /\ gearing the arc of con- 

,,•-'' /' \ tact varies from 16 to a 

N,_ times the pitch. 

'\^ 124. Given the form 

r,s 13*. ^ <>/ ^ooth of one wheel, to 

find the proper form of 

the tooth of another wheel, to gear with it. — Let a i if be the 

given tooth; ^b, ^b the pitch lines of the wheels; b, the 
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pitch point, or point of contact of the pitch lines. From 
any points, ac, draw normals, aa,cy, to the curve of ihc 
given tooth, cutting the pitch line in o, y. Then the points 
a be should be points of contact, when i',b,y, are at the 
pitch point From b set off BA=fln, BC=fy. Then a is 
the point where a is in contact ; b the point where li is in 
contact, and c the point where c is in contact, and some 
line, passing through a b c, is the path of contact Set off 
arc Ba'=arc Ba; also a'a^=aa. Then a' is a point in 
the tooth of the second wheel, which will come in contact 
with a at a, and will have a common normal, passing 
through the pitch point Set-off arc B^' = arc b^; then 
b' will come in contact with i at B. Also, set-off arc 
B /=arc By, and y' if^yc; then ^ will come in contact 
with f at c. A curve a' V if through the points so found, 
will be the required tooth. In certain cases the construc- 
tion becomes impossible, and the given tooth is of unsuit- 
able form. Forms should be avoided which make a tooth 
entirely concave. 

CvcLOiDAL Teeth. 
125. If a circle rolls on the circumference of another 
circle, a point in its circumference describes a curve, termed 
an epicycloid. If the roiUng circle rolls inside the base 
circle, a point in its circumference describes a curve, termed 
a hypocycloid. It is shown, in treatises on applied me- 
chanics, that, if the faces of the teeth of each wheel, and 
the flanks of the teeth of the other, are respectively epi- 
cycloids and hypocycloids, generated by the same rolling 
circle, rolling outside and inside the given pitch lines, then 
the teeth will move so that the common normal at the point 
of contact will pass through the pitch point, and the con- 
dition of uniform velocity ratio will be fulfilled. With teeth 
of this kind, the point of contact moves over an arc of a 
circle of radius equal to that of the rolling circle, and having 
its centre on the hne of centres. 
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External Cycloidal TeetA.—'i.et 
pitch circles, / the pitch point, a, 




.1 A„ fig. I3S, be the 
the tooth of A,, and 
that of A,. The face 
/tfi and the flank /^j work 
together, and are described 
by the rolling circle r,- 
rolled outside a, and inside 
Aj. The face p o, and the 
flank / f, work together, 
and are described by the 

"; '' rolling circle k', rolled out- 

'^' '^'' side A, and inside A|, The 

lolling circles in the figure are so drawn that their centres 
are on the line of centres. Draw arcs a, .r, Oiji concentric 
with the pitch circles. Then, xpy is the path of contact 
Suppose the wheels turn in tlie direction of the arrow, and 
that the lower one is the driver. During approach, the 
flank of the driver is in contact with the face of the driven 
tooth, and contact begins at y. During recess, the face of the 
driver acts on the flank of the driven tooth, and contact 
ends at x. Radii drawn through x and y will mark off on 
the pitch lines the arcs of approach and recess. Conversely, 
if the arc of approach or recess is marked off on the 
pitch line, and radii drawn cutting the rolling circles, the 
points :■: and y will be 
found, which define the 
height of the teeth for 
given arcs of contact 

Internal cyclouial 

teeth.^lM A|As, fig. 

136, be the pitch lines, 

and p the pitch point ; 

"" Ui f, the tooth belonging 

^''" '^*' to A, and a, c^, the tooth 

belonging to a,. The flank pet works on the face /o, ; 

both are epicycloids described by the rolling circle r, rolling 
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outside Aj and Aj. The face p «„ and the flank / fj work 
together, and are hypocydoids described by r' rolling inside 
Ai and Aj. Through «[ draw an arc Hj x concentric with a,, 
and through a^, an arc b^ y concentric with Aj, cutting the 
rolling circles in x and y, then xpy is the path of contacL 
Kadii drawn from the centres of a, Aj to x and y, will mark 
off the arcs of approach and recess. 

The diameter of the rolling circle must never be greater 
than the radius of the pitch circle, inside which it is rolled. 
When it is equal to the radius, the flanks of the teeth de- 
scribed by it, become radial straight lines. Teeth with- radial 
flanks, were at one time much used. They are now not 
much used, except in certain cases, for mortice wheels. 
When a pair of wheels only are required, the rolling circle, 
for both faces and flanks of both wheels, may often be 
made, with convenience, equal in diameter to the radius of 
the smaller wheel. The smaller the describing circle, the 
greater is the obliquity of action of the teeth. 

When a set of wheels are to be constructed, any two of 
which will gear together, the same rolling circle must be 
taken for the faces and flanks of all the wheels of the set. 
It is then best to take, for the diameter of the rolling circle, 
the radius of the smallest wheel of the set Let p be the 
pitch, d the diameter of the rolling circle, thus determined, 
n the number of teeth of the smallest wheel of the set 

d-t (3) 



■ I7S>/ ' 
. 1-910/ 

. 2068/ 
. 2-2>8/ 

■ 'iilt ■ 

■ 2546/ 
• 3-1 83/ 

■ 3-98"/ 
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Since the introduction of machine-moulding, it is less an 
object than it used to be to make wheels in sets. 

ia6. Methods of drawing (ydoidai teelh. — The curves of 
the teeth may be found by rolling a templet of the size of 
the rolling circle, inside and outside templets of the size of 
the pilch circle. A pencil held intontact with the rolling 
templet, describes the required curve. The curves may also 
be obtained by the ordinary rules for describing cycloidal 
curves. When they have been drawn, it is usually con- 
venient to replace the cycloidal curves by circular arcs, sen- 
sibly coinciding with them, and which can be used by the 
pattern-maker more conveniently than the true curves. In 
proceeding thus, two sources of error are introduced. It is 
not easy to draw small cycloidal arcs very exactly, and in 
fitting circular arcs to them, a new source of error is intro- 
duced. To obviate these objections, it was proposed by 
Professor Willis, to find directly the centres of circular 
arcs which would approximate to the cycloidal arcs. The 
method of Professor Willis, however, does not give ^ very 
good approximation, the teeth being too thin at the points, 
and 100 thick at the roots. 

The following method, founded on Rankine's rules for 
recdfying circular arcs, gives a much nearer approximation 
to the true curves ; in fact, with teelh of ordinary size, there 
is no appreciable difference between the cycloidal and cir- 
cular arcs. The method is also much easier in practice than 
that of drawing first the true curves. The method is based 
on this principle. For each cycloidal arc a circular curve is 
found, which coincides with it at the pitch line, and at % its 
length from the pitch line, and which has at the latter point 
a common normal with it. 

In fig, r37, the strongly marked circle bp V is the pitch 
circle, and p the pitch point. The complete dotted circles 
are the rolling circles. The height of the tooth outside the 
pitch line is/ r, and its depth within it is / s, so that the 
circles through r and /, are the addendujn and root drcles. 
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The arcs vp w mark the path of contact As the rolling circle 
R rolls to the posirion r', the tracing point moves from / to 
w, marking out the epicycloid/ m, which forms the face of 
the tooth. 

Method I. — Take/ f=J/r, and draw thearcfrf concen- 
tric with the pitch line. Step offarr./3=arc/A Take the 
chord /^ in the compasses, and with centre b mark off 
bm=pe; then « is a point of the true epicycloid, and tnb 




is the normal to the curve at m. It is then easy to find in 
tnb, by trial, a centre / for a circular arc, which will pass 
through « and /. That circular arc will be the required 
approximation to the epicycloid. 

For the flank of the tooth, make/ i^=|/j, and draw the 
axed/. Step off with the compasses, thearc/^= arc//. 
With centre b' and radius s= chord/ ^, cut lie' in m'. Then m' 
is a point in the hypocycloid, and m'^ is the normal to the 
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curve at m'. Find, by trial, a centre, / on m' ^, for a circular 
arc, passing through m' and /. That arc is the required 
approximation to the hypocycloid. 

Method 2. — The following method (fig, 138) is the same 
as the last, except that all the points are found by conatrac- 
tion, instead of by trial. Take, as in the last method, / c= 
I of the height of the tooth, outside the pitch line, and 
/rf=| the depth within the pitch line. Draw the axes 




ef, de' concentric with the pitch line. Throt^h the pitch 
point p, draw a tangent ■ to the pitch circle. Join ep, 
produce it, and make/^=^/^ With centre^, and radius 
g-^, describe an arc ?*, cutting the tangent at the pitch point 
. tloojic 
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\nk. Then,/* = arc/? In/i x^z ph=\pk. From 
centre h, with radius hk, describe an arc kb, cutting the 
pitch line in b. Then, arc /i=arc pe. With centre b 
and radius=chord pe cut ce in m. Join w5, and in 
m b find a centre / of a circular arc, passing through m 
and /. That point / may be found by joining mp, and 
drawing a line, bisecting mpsX right angles. The line so 
drawn will intersect m b, produced in /. Then the arc p m, 
drawn with centre / and radius / »/, is the required approxi- 
mation to the epicycloid. The same construction gives the 
flank of the tooth, and the same description is applicable, if 
accented letters are substituted for unaccented letters. 

127. Method 3. Mr. Hey^ method. — The following 
method, adopted by Mr. Heys of Manchester, gives very 
good approximations, so far 
as the author has tested 
it. Let OA be the line of 
centres, p the pilch line, 
and X the pitch point At 
X, draw the tangent x g^ 
and make j;^=o-57i of 
the diameter of the rolling 
circle. Through g, parallel 
to o A, draw B a Make 
^B =gx, and ^c=diameter 
of rolling circle. Join o b, 
o c, and produce oc Draw 
ay, bz, parallel to x g, 
and at a distance from 
\i = ^xg. Take h^=.bz. 
Then, y is the centre for 
a circular arc, appronima- 
ting to the hypocloidal 
flank of the teeth, sxiAyx 
is its radius. Also, s" is the "*" '^ 

centre for a circular arc, approximating to the face of the 
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tooth, and i x is its radius. In practice, it is accurate enough 
to take, Wp = pitch, 

BC=3/ 

xa™xb=\p 

Involute Teeth. 

\i%. When the path of contact is astraight line, inclined 
to the line of centres, the form of the teeth is an involute 
of a base circle, concentric with the pitch circle, and having 
the path of contact for a tangent. The (tfessure between 
the teeth is in the direction of their common normal very 
nearly, and this normal coincides in involute teeth with the 
path of conract. Hence, if the path of contact deviates 
much from the tangent to the pitch circle at the pitch point, 
the pressure is correspondingly oblique to the direction of 
motion, and considerable stress is thrown on the supports of 
the wheel. Usually, the path of contact makes an angle of 
744° with the line of centres, and 15^° with the tangent to 
the pitch circle. Then the diameter of the base circle 
from which the involute is described, is SJths of the diameter 
of llie pitch circle. 

In tig. 140, let A, A] be the pitch circles of the wheels, 
and ^ the pitch point Draw the path of contact d^pd^, 
making the desired angle with the hue of centres. The 
base circles b, b.j are concentric with Aj Aj, and touch the 
path of contact at d^ d.^. The greatest possible length of 
the path of contact is d^ d^. If the length of the path of 
contact is given, draw the tangent b^pb^. Take b^p,pbi= 
the given arcs of approach and recess. Drop perpendiculars 
bx c„ b-t fj, on the path of contact Then c, e^ is the length 
of the actual path of contact Acircle, C|, concentric with aj 
and passing through fj, will mark off the length of the teeth 
of A[, and a circle C^ concentric with a^, passing through 
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f,, will mark off theleng^of the teeth of aj. The root circle 
D, must be drawn, so as to fall below Cj at thelitis of ceutres, 
by a distance equal to the bottom clearance, which is o'oS 
to o'l of the pitch. 

The involute is not difficult to describe, but the follow- 
ing method gives a very accurate circular approximation. 



Fig. 140, 




Fig. 14.. 

I^t rf, (fj, (ig. 141, be ihe working height of the teeth, or the 
distance between circles C^ Cj, in fig. 140 measured along the 
line of centres. Tdkt e^g^^e■^e^. Draw a tangent ^A to the 
base circle. Take /' k=i^ kg. Then, a circle m n, struck 
from k with radius h ?, will bs the required approximation 
to the involute. It will coincide with the involute at n and 
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g, and will have the same normal at g. The part of die 
tooth below the base circle may be a tangent to the arc at 
«. This part does not come in contact with the teeth of 
the other wheel. 

Involute teeth have two remarkable properties. All 
involute wheels, whose teeth have the same pitch and the. 
same obliquity of the line of contact, work well together. 
A pair of involute wheels may be drawn a little further apart, 
without the accuracy of action of the teeth being impaired, 
though the arc of contact is diminished. Involute wheels 
cannot be made with very long teeth, because then the 
obliquity of the line of contact must be great Hence, the 
centres cannot be moved much further apart than their 
normal distance, without too much reducing the arc of con- 
tact But this property of involute wheels is a valuable one, 
as it neutralises the injurious effect of wear of the supports 
of the wheels. With the angle of obliquity given above, 
the smallest number of teeth in an involute wheel should be 
twenty-five. With fewer teeth the arc of contact is too 
small. The obliquity of action is ordinarily alleged as a 
serious objection to involute wheels. Its importance has 
perhaps been overrated. 

Teeth of Bevll Wheels, 
129. The teeth of bevil wheels may be cydoidal or in- 
volute, and are described in the same way as the teeth of 
spur wheels, upon a development of the conical surfaces 
which limit their length. Let fig. 143 represent the section 
of a bevil wheel rira. oa is the intersection of the conical 
pitch surface with the plane of the paper, o rf the axis of the 
wheel Let a r be the width of face of the wheel. Draw 
ad, ce, perpendicular to o a, cutting the axis of the wheel in 
e and d. Then the teeth are limited in length by the conical 
surfaces, whose intersections with the paper are ec, da, and 
which have o d a& axis. With centre d and radius da, 
draw, a circle. That circle ia the virtual pitch-line of the 
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ends of the teeth, and the teeth are described on that circle 
as if it were the actual pitch line. 




J^- ■ 




l\ 


e 




•* 



Strength or Wheel Teeth. 

130. In determining the strength of whee] teeth, it is 
not usually necessary to take into account their curved 
form. It is sufficiently accurate to treat the tooth as a 
rectangular cantilever (fig. 143), of thickness 36, uniform 
and equal to the thickness of the actual tooth at the pitch- 
line. Usually at least two pairs of teeth are simultaneously 
in contact. The pressure transmitted is therefore shared 
by two or more pairs of teeth. The wheels cannot be made 
accurately enough to ensure an equal distribution of the 
pressure. Hence, if p is the whole pressure transmitted, 
the greatest pressure on one pair of teeth is « p, where « is 
a fraction lying between \ and r. The teeth are in contact 
at a line which, in spur wheels, is parallel to the axis of 
rotation. The line of contact varies in position during the 
action of the teeth, and either at the beginning or end of 
contact coincides with the extreme edge of the tooth. 
Ordinarily, in teeth which have worn a little by mutual fric- 
tion, the pressure will be distributed with approximate uni- 
formity along the edge of the tooth, and will tend to break 
the tooth across at its root along its whole breadth. An- 
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other contingency less favouiable to the strength of the 

tooth is possible. From inaccurate form in the teeth or 

inaccurate fixing of the wheels, 

the pressure may be restricted 

to a small portion of the edge 
of the tooth. In that case, to 
ensure safety, the tooth must 
be strong enough to sustain 
the pressure n p applied at one 
comer, as shown in fig. 143. 

Let « p be the whole pres- 
sure on the tooth ; H the 
number of horses' power trans- 
"•■ ■"' mitted by the wheel ; n the 

number of revolutions of the wheel per minute ; R its radius 
in inches; V the velocity of the pitch line in ft. per sec 




L = -00873 R N 



(4) 



=63,020 - 



(s) 



Let the height of the tooth 13, fig. 143, = A ; its thicb- 
ness 14=''; the width of face=^. Then, if the pressure 
« p is applied at a corner, it tends to break off a triangular 
prism, bounded by a plane 1254, which passes through 
the root of the tooth. Draw 37 perpendicular to that plane, 
and let the angle 2 i 3=9 ; then. 



37= 



in B=.h sin 0. 
EC. »=h sec 9. 



The bending moment of « p, with respect to the section 
1254, is « p A sin tt. The moment of resistance of that 
section to bending is \fht* sec ft Equating the bending 
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moment and moment of resistance, we get for the greatest 
stress due to bending, 

/=^- sin 3 e 

which will be a maximum when *=45° and sin z 9=i. 
Then, 

If /'is i}ie greatest safe stress, 

131. It is convenient to express / in terms of the pitch 
p. For unworn teeth /=o'48 for cast-iron teeth. Since, 
however, the teeth must be strong enough when worn, we 
may take t=Q-%(>p. For mortice teeth of hard wood, 
t=o'^^SP when the teeth are new, and we may take 
/=o'45/ for worn teeth. Then, introducing these values 



/—4'^ »J -f- for iron teeth 
=385^^ for wood teeth 



These formulae cease to be applicable, if ^<^, but this does 
not occur in wheels of ordinary proportions. 

In obtaining the above formulae, some assumptions are 
made, and the value of n is undetermined. For different 
wheels / is simply proportional to Vp, and we may there- 
fore write, 

i'=K •J'v . . . . (8) 

and determine K from existing wheels. K will be found 
to vary considerably in different cases. In slowly-moviiig 
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gearing, especially in gearing worked by hand and not sub- 
jected to much vibration or shock, k='04 for iron wheels. 
In ordinary mill-gearing, running at a greater speed and 
subjected to considerable vibration, ks=-o5, and in wheels 
subjected to excessive vibration and shock, as in the gearing 
which drives machine tools, K=o-o6. For mortice gearing 

If, now, it is assumed that «=|, which cannot be very 
far from the truth, we get for the values of yfor cast iron, 
corresponding to the three cases above, 9,600, 6,100, and 
4,300 lbs. per sq. in. ; values which are quite consistent with 
ordinary practice in the use of cast iron, to resist transverse 
straining actions. For hard wood, when K='o6,/=2,74a 

132. Strength of teeth when the influence of the width of 
face is taken into account.— la the foregoing investigation, 
the pressure is assumed to be concentrated at the comer 
of the tooth, and consequently the strength is independent 
of the width of the tooth. For we 11 -constructed and care- 
fully erected mill-gearing this is a very improbable con- 
dition. If the pressure is distributed along the edge of the 
tooth, the bending moment at its root hnvA. The moment 
of resistance of the section of the tooth is ^fi /'. Equating 
these, 

„ 1 *'*r 



Let l=o-^6p for iron, and 045/ for wood teeth ; ^=07/ 
for iron, and o-6p for wood teeth ; »=|. 

p = -046i5//for iron teeth \ 
=-o84*//for woodteethf ' ' ' ^" 

The following is the most convenient form of these equa- 
tions: 

^""'■/iy' .... (.0) 

Where K, in practice is about 0-0707 for iron wheels, and 
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o'o848 for mortice wheels, when the breadth of face is not 
less than twice the pitch. These values give for the stresa 
on the teeth 4,400 lbs. per sq. in. for iron teeth, and 1,650 
lbs. per sq. in. for wood. These are low enough values to 
allow for some inequality in the distribution of the pressure 
along the edge of the tooth. The following table iacilitates 
the use of this equation : 



2\ 2i 



3i 



K|^|=-osoo -0475 -0447 -0408 -0378 -0354 Iron teeth. ' 

= ■0600 -0565 -0536 -0490 -0453 -0424 Wood teeth. 

No specific rule can be given to decide between the 
cases in which eq. 8 and eq. lo should be used. It is: 
really a question of the degree of security against accident 
which is desired. 

Safe Pressure on Wheel Teak from Equation 8. 
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Safe Pressure on Teeih of Ordinary Cast-Iron Gearif^ 
by Eqttation lo. 
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133. Wheels for high speeds. — At high speeds the in- 
fluence of shocks and vibrations becomes more serious. 
Reuleaux has proposed to allow for this by making the 
value of the stress / decrease inversely as the cube root of 
the velocity of the pitch line. Then for cast-iron 



/= 



Vv 



.(II) 



134. Strength of bevil wheels.— In stating the size of 
bevil wheels, the pitch at the outer circumference of the 
wheel is always given, but in estimating their strength the 
pitch at the inner circumference of the rim should be taken. 
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Let A A be tl»c pitches at the inner and owtei circum- 
ferences, /"i and r, the corresponding radii of the smaller, 
and Ri, Ro those of the laiger wheel. Width of face = b. 
Let R,+o-4r„=m. Then. 

p,-=p,^ =A^^ nearly. 

It is /i, not pa, which should be taken in estimating 
the strength of the wheel For all other purposes p, is 
uaed. 

135, Shrouded wheels. — The teeth of wheels are some- 
times united at the ends by annular rings cast with the 
whesl, and the wheel is then said to be shrouded. The 
shrouding may extend the whole depth of the teeth of the[ 
pinion of a pair of wheels. In that case the shrouding has 
the effect of neutralising the weakness of the teeth, which 
in very small wheels are of a weak form. With the pinion 
shrouded, it is stronger than the wheel, but it wears more' 
rapidly than the wheel, so that the shrouding may be re- 
garded as a provision against the failure of the pinion in 
consequence of wear. If both wheel and pinion are shrouded 
to half the depth of the teeth, the strength of the pair of 
wheels is increased, perhaps 50 per cent But this arrange- 
ment is seldom adopted, 

136, Width of face of whed. — The durability of wheels 
is increased by making the wheels wider. In practice, 
b is rarely less than i^ p in wheels used to transmit 
power, and that width answers well for wheels moving 
slowly or intermittently. For ordinary mill-gearing b^tp 
to 4/. 

Wear of wheels. — No exact data of the wear of wheels 
in given circumstances have yet been recorded. The follow- 
ing theory may be useful as a guide when there is a doubt 
as to the width to be given to a pair of wheels. 

Let Rj, Rt be tlie radii of a pair of wheels, making n,, 
N, revolutions per minute, and transmitting h horses' power, 
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http be the pitch, and i the width of face of the wheels. 
Then the work lost in friction is proponional to 



^(.T 



) H ft. lbs. per min. . . (rz) 



The wearing surface of a tooth is proportional to dp, and 
the whole wearing surface of the pinion is proportional to 
R, i. Supposing the total wear to be proportional to the 
work expended, the depth worn away in the unit of time is 
proportional to 

/f— + — ^ H-t-Ri* 

Suppose the wheel to be worn out when the depth worn 
away is yp, where y is some fraction varying in different 
circumstances, but constant for wheels in similar conditions. 
Then, for equal durability, 

f f-i- + -) H 
VRi Ro/ 

yp~ ^^y— =constant 

or d^i, -5- (- + -) . . (13) 

Rl \R, Rj/ 

where i, is a constant to be detemiined by experience. 
Since P R| N, is proportional to h, we have also 

or when the pinion is small compared with the wheel, 
6=^1-^ =*a p ^ nearly . . . (13^) 

Average values for these constants would be of little 
service, because the conditions in which wheels are em- 
ployed are so variable.- If A, or k^ is deduced from a pair 
of wheels known to have worked well in given conditions, 
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the value so obtained may be applied to determine the 
■minimum width of another pair of wheels which are to work 
in similar conditions. 



Construction and Proportions of Wheels. 

137. Rim of wheel. — In iron wheels the teeth are cast 
on, and in mortice wheels they are tenoned into, a continuous 



rim. Fig. 144 shows the section of a spur-wheel rim, and 
fig. 145 that of a bevil-wheel rim. The unit for the propor- 
tional figures is the pitch. The proportional figures for the 



teeth are approximate only, more exact proportions having 
been already given in § izi. 

Fig. 146 shows the section of a mortice spur-wheel rim, the 
, . tloojic 
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end elevations indicating two ways of forming the tenons. 
The mortice teeth are either fixed by wood keys, or by 




round iron pins driven in behind the rim of the wheel. 
Both methods are shown 

■^i t"" i" '"^ ^^- '**• ^° ^^- ^'*7 

"^W. ^ m. ^ m^^ the cogs are fixed by bolts, 

* ^^ A ' Lfc-4 ^ '^ ^^ iron plates about 2 ft long 

^■8 '"■ being fitted to the inside 

of the rim of the wheel Fig. 148 shows amorticebevil wheel 




Fig. .48. 

The radiating Hncs in the figures of bevil wheels meet at 
the intersection of the shafts on which the wheels are placed. 
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ijS. Arms of wketh.—'X\\K arms of wheels are most 
commonly cross- shaped in section for spur-wheels, and 
T-shaped for bevil-wheels. For machine -moulded wheels, 
the aims are often X-shaped, the spaces between the arms 
being cored out in casting with loam cores. The number 
of anns in wheels is fixed very arbitrarily. Usually there 
are four arms for wheels not exceeding four feet dia- 
meter ; six arms for wheels of from four feet to eight feet ; 
and eight aims for wheels from eight feet to sixteen feet 
diameter. 



The arms are subjected to bendJng, and when the arms 
and rim are cast in one piece, they are fixed at both 
ends. If the arms are attached to the rim by bolts, they 
are free at the rim, and fixed at the nave. It will be 
assumed that the arms are equally loaded, and that they 
may in all cases be treated as if they were fixed at one end 
and free at the other. This will give a slight excess of 
strength when the arms are cast in one with the rim, but 
such aims are at the same time weakened by contraction in 
cooling. 

Let V be the number of arms, 
R, the radius of the wheel, 
p, the total pressure transmitted (§ 130) 
Then the bending moment on each arm is p r-j->- nearly. 
The strength of the arm is almost entirely due to that 
part which is parallel to the plane of rotation. The 
ribs or feathers at right angles to this part add very little 
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to the resistance to the force acting on the wheel. They 
are necessary to give lateral strength anil rigidity, and to 
resist accidental straining actions at right angles to the plane 
of rotation. Let A be the width, and o the thickness of the 
arm, exclusive of the feathers. The moment of resistance 
of that section is \ah^f. Equating this to the bending 
moment 

•'>t'=^f ■ ■ ■ ••<■*' 

In proceeding to design the arm either of the three 
-following methods may be followed. 

(i.) Given the ratio -, and the limiting stress on the arm. 

If -=5, 'we get from eq. 14, 

Tlie limiting stress must be taken at a low value, partly to 
allow for unequal distribution of load on the arms, and 
partly because of the initial stresses due to contraction in 
cooling. If _/=3,ooo lbs. per sq. in., 



'_i54 



Vpr .... (15) 



9J^5A=-,^g -136 -119 -108 -loo -094 

(a.) Since the arm must be of equal strength with the 
teeth, we may replace p by its value in terms of the pitch in 
eq. 9, namely, 

p=o'046 6/1/ 

Introducing this in eq, 14, 

o^*=o-276^^ .... (16) 
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■*=^^V(^/R) . . .(17) 



I "3 _ 



=772 701 613 -557 -517 -486 



A comparison of some existing wheels shows that the 
arms are sometimes one-fifth wider than is given by this 
rule, this additional width being required to meet riie 
stresses due to contraction. 

{3.) Given the thickness of the ajm. It is desirable 
to make the different parts of the wheel nearly uniform in 
thickness to secure regularity in cooling and contraction. 
Let 0=0-48/, so that the arm is the same thickness as the 
teeth. Introducing this in eq. 16, 



0-7S8 



^y 



n/^r . . . (i8> 

4 6 8 10 

379 "309 '^68 -240 ■ 



One-fifth may be added to the dimensions thus obtained 
to allow a mai^n against contraction, and for the unequal 
loading of the arms. 

The dimensions given by the foregoing rules apply to the 
section of the arm produced to the centre of the wheel. 
Towards the rira the arm is usually tapered, the amount of 
taper being ^in. per foot of length on each side. The 
thickness of the arm a is constant. 

The width of the cross feathers (marked din fig. 149) may 
be bx.Q\\b at the centre, and J ^ to || * at the rim.' The 
thickness of the feathers may be /)=0'3^. The feathers 
must be slightly tapered at right angles to their length, so 
as to draw easily from the sand, 

■ Except in fig. 149, b is the width of the f<ice of the wheel. 
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139. Nai'e qftht wheel. — The thickness I of the nave of 
the wheel may be taken at 0-4 V(/''*) + ii ^"^ 'ts length 
may be at least three times its thickness. Generally the 
nave length is not less than d+o-o6 r in iron wheels, and 
i+/+o'o6 R in mortice wheels, so that it may project a 
little beyond the rim. The key for fixing the wheel on the 
shaft may be o'4 S wide and 0-2 I thipk. 

Mr. Heys uses the following rule for the nave thick- 
ness ; — 

Where d is the actual diameter of the eye of the wheel 



Screw Gearing. 

140. In screw gearing the wheels have cylindrical pitch 
surfaces, like those of spurwheels, but the teeth are not parallel 
to the axes. The line in which the pitch surface intersects 
the face of a tooth is part of a helbc drawn on the pitch sur- 
face. A screw wheel may have one or any number of teeth, 
A one-toothed wheel corresponds to a one-threaded screw; 
a many-toothed wheel to a many-threaded screw. In screw 
gearing the axes may be placed at any angle. 

141. Screw-gearing with parailel (itm. -^Gearing of this 
kind was invented by Dr. Hooke. Let an ordinary spur wheel 
be cut into « slices by planes perpendicular to the ajris. 
Let the slices be so arranged that, for example, in passing 
from left to right across the face of the wheel, each succes- 
sive slice is th of the pitch behind the previous one. Such 
a wheel is termed a stepped spur wheel. Two such wheels 
will work together, and they have the advantage compared 
with ordinary wheels that one or other of the pairs of slices 

are always in contact at a distance not exceeding _th of the 
pitch from the pitch point. 
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As the slices come successively into gear, the motion of 

the wheels is very regular. Such wheels were at one time 
used for driving planing machine tables, and in other cases 
where regularity of motion was important If the slices are 
infinitely numerous, then the front of the tooth intersects the 
pitch cylinder in a helical line, and we get the screw wheels 
shown in fig. 150, In two wheels of this kind which gear 
t<^ether the pitch measured circularly is equal ; the obli- 
quity is equal, but in opposite directions, and the velocity 
ratio is inversely as the radii of the wheels. 



w/////ims\\\^ 



1 



142. Screw gearing when th< axes are net parallel. — When 
the axes are not parallel the pitch cylinders touch at a single 
point, which may be termed the pitch point. Draw through 
that point a tangent to the pitch surfaces. If helices are 
traced on the pitch cylinders touching that tangent, they 
define the fronts of teeth which will drive each other. 

The common tangent to the pitch surfaces and the teeth 
is termed the line of contact It is shown at ab, fig. 152 ; 
the angles 6, fl, it makes with the axes are termed the angles 
of inclination of the teelh. The number of threads t-, in a 
screw wheel, is equal to the number of helices which intersect 
any plane perpendicular to the axis. Let fig. 151 represent 
a series of helices (in this case four), intended to mark out 
the teeth of a screw wheel. The same screw thread inter- 
sects a Une a b, parallel to the axis at a and b. Then ab\% 

ab 
the axial pitch of the screw, and the distance ac=ip=~^ 

is the divided axial pitch. Let a plane de perpendicular to 
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the axis intersect two successive threads in rfand e. Then 
de is the circumferential 
\ ^ pitch c, and is equal to 

- — where r is the radius 

of the pitch cylinder. 
Draw ef perpendicularly 
to the threads. Then the 
distance ef is the divided 
normal pitch, n. Let the 
tangent f A to a thread 
make the angle gha=B 
with the axis of the wheel. 
Then from the properties 
of helices the following re- 
lations obtain : — 




:; cotfl 



: cos ft 



Let fig. 152 represent two screw wheels projected on the 
common tangent plane to the two pitch cylinders. Let the 
angle between the axes =i, and let the tangent to the teeth 
a b make with the axes the angles B,, Bj, so that 
61 + 62=/ 

Let oj O) be the angular velocities of the wheels ; r^ r^ 
their radii ; and ••i vj the number of threads of each. 
Let f I Ca be the circumferential, n^n^ the divided normal, 
and/i/s the divided axial pitches. Then, 

:-;='r; • ■ (-) 

Let vi and »■) be decided upon. The surface velocities 
of the wheels are a, ri and oj ^j, and these are proportional 
to the circumferential pitches, because each wheel rotates a 



distance equal to the circumferential pitch in the s: 
Hence, 



217 
e time. 



If the circumferential pitches are chosen so as to satisfy 
this relation, then the axial pitch and inclination of the 





"'••■,'' 






r-x. 




''M 


% 


\ 




> 


y 


8 


^\. 





threads are determined by the condition that in two wheels 
which work together the normal pitches must be equal. 
Hence, 



and using the proportions in eq. 19 




• orfl ''"•"' 




..cosO, ^(,,,_,,_,,,„,.+ „,,) 




e, sin 1 




— "' ^(^,'-2f,(,cos,-+f,-) 




/,=<;, cot Oil 

/>,=(, cot B,t • • • 


• (^3) 
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In fig. 152, set off from the pitch point p, the lines vd, 
p/ perpendicular to the axes, in the directions the wheels 
are moving at the point p. Take prf, p/ equal to the 
surface velocities 0| r, and oj r^ of the wheels ; join df and 
produce it to meet the axes; then a^i parallel to eg is 
the line of contact, making angles 61 0, with the axes. 
Draw p« peqjendicular to £g. Then p« is the common 
component of the surface velocities, and 1^ the velocity of 
transverse sliding of the teeth,' 

Ci : fj •P\ 'Pi '• "1 or "i 

:: pd: p/: vg:vc'.Fe 

If Pi/, p/are set off equal to the circumferential pitches 
of the two wheels, and the same constraction is made, then 

p^=fgi p^=Pe ; and«i or a,=PA 

143. Sa-ew glaring when the shafts are at right angles. 
Worm and Wheel. — If 1=90°, tiien cos ttj=sin Oi 



■$-'= cot ft, 

Hence, /i=Ca and/js=fi 

or the axial divided pitch of one wheel is equal to the cir- 
cumferential pitch of the other. 

The most common form of screw gearing is that in 
which the shafts are at right angles, and a wheel of one 
thread, or sometimes of two or three threads, works with a 
wheel of many threads. Then the former is termed a worm, 
and the latter a worm wheel. With this arrangement, a high 
velocity ratio is obtained with a pair of small wheels, IfN, Nj 
are the numbers of revolutions of the worm and wheel, a, oj, 



I See Rankine's ' Millwork,' p. l6c> 
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their angular velocities, and >-i v^ the number of threads on 
each, 



Thus, if the worm has one thread and the wheel twenty- 
five, the velocity ratio is twenty-five; Spur wheels for that 
velocity ratio would have to be at least ten times larger in 
diameter. The disadvantage of screw gearing of this kind 
is that the friction and wear is excessive, hence it is rarely 
used for the continuous transmission of power. If the obli- 
quity of the helices exceeds a certain amount, the wheels are , 
no longer reciprocal ; that is, one wheel will drive the other 
but the second will not drive the first. In that case the 
motion is prevented by the friction at the point of 
contact of the teeth. The worm and wheel are commonly 
so constructed that the worm will drive the wheel, but the 
wheel will not drive the wonn. This is often advantageous, 
because the gearing remans stationary in any position after 
being moved, 

144. Friction of worm and wheel. — Suppose the worm 
drives the wheel, and that a force p acts at the pitch line of 
the worm, in the p'ane of rotation, overcoming a resistance q 
acting at the pitch line of the worm wheel in the plane of its 
rotation. Let fl,, as before, be the inclination of the worm 
thread, /i the coefficient of friction, r^ /-j the radii of the worm 
and wheel, and yip\ the total axial pitch of the worm : — 

p i+ ^tanfl i 

Q=lan"tf7:r^ ■ ■ ■ ('■»' 

or if ^ is the angle of repose of metal on metal, so that /i= 
tan ^, 

|=cot(e,-^) . . ' (is) 

When the worm drives the wheel this ratio must be 
positive. Hence 1*1 must be less than 90°— ^. The ratio of 
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the useful work done to the power expended, or the effi- 
ciency of the pair of wheels is, 



(26) 



cot(iii-v) J , 2^ 
For ;i=o-i5, we get, 

hence the efficiency is greater the less the radius of the 
worm. Generally /-i=-i's to 3/1. For a one-threaded 
worm therefore the efficiency is only J- to J. For a Iwo- 
Ihreaded worm \ to J ; for a three-threaded worm J to J. 
Since so much work is wasted in friction it is not surprising 
that the wear is excessive. 

145. Form of screw threads. — Rankine has pointed out 
that the sections of the threads, normal to the line of contact, 
may be similar to involute or epicycloidal teeth, drawn for 
spur wheels, of radii equal to the radii of curvature of 
helices normal to the screw threads. 

When the shafts are at right angles, it is convenient to 
draw sections of the teeth of the worm and wheel on a 
plane perpendicular to the axis of the wheel, and passing 
through the axis of the worm. Then the sections of the 
teeth of the worm wheel may be the same as those of a spur 
wheel of the same radius and circumferential pitch, and the 
sections of the teeth of the worm may be the same as the 
teeth of a rack of the same pitch. Fig. 152 shows a worm and ■ 
wheel, the teeth of which are drawn in this way. The worm 
here shown is of wrought iron or malleable cast iron, formed 
in one piece with its shaft. Usually the worm is of cast iron, 
and when small may be fixed by a pin passing through both 
worm and shaft When larger its rotation on the shaft may 
be prevented by a key, and its tendency to slide along the 
shaft hy collars, one of which may be fixed and the other a 
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loose collar fixed by a set screw. Sometimes the bearings 
which support the worm shaft are so arranged as to prevent 
the endways motion of the worm, 

146. Strength of worm wheels. — The resultant pressure on 
the teeth (friction being neglected) is in the direction of the 
normal to the faces of the teeth at the point of contact, or 
in the direction in which the normal pitch is measured. 



Hence it is the tendency to break under the action of the 
force acting in that direction, which has to be considered in 
estimating the strength of the teeth. 

The worm is usually at least as strong as the worm 
wheel, hence it is only necessary to consider the strength cf 
the latter. Let «» be the normal divided pitch of the worm 
wheel, f, its circumferential pitch, r^ its radius, and 0^ the 
angle between the threads and the axis : 

«a=C5 cos e,=?-^ cos flj 

Where cos flj=-^ in fig. 161. Let q be the resistance to 

rotation at the circumference of the worm wheel. Then the 

pressure acting normally to the teeth isQa=— ^=n— . 
coaO ** p« 
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The wonn wheel is equivalent to a spur wheel resisting the 
force Q„ at the pitch line, and having the pitch wj. Hence 
the normal pitch «i may be obtained by thi; rules for the 

teeth ofspm wheels. Then Ci=t — ^-iT=n^ • 

When the shafts are at right angles, the angle fl, is.often 
small, so that cos H=i nearly. Then the worm wheel is 
approximately equivalent to a spur wheel resisting the force 
0, and having the pitch c^. Hence, when H, is small, the 
obliquity of the teeth may be neglected in calculating the 
pitch. The width of face of the worm wheel is about 
i\ times the pitch. In calculating the size of the wonn 
shaft, from the resisunce Q overcome, fnction should not 
be neglected. The twisting moment acting on the worm 

shaft is ^^ — !=Q r. ^-l^i^-' nearly, 
ij ij ij/i 

146a. Weight of toothed gearing-— l-et > be the pitch, i 

the breadth of face, and n the number of teeth of a wheel 

llien, its weight in lbs. is, approximately, 

where ^=0-38 for spur wheels, and 0325 for bevil wheels. 

The weight of a pair of wheels is independent of the radii, 
and depends directly on the H.P. transmitted and the 
numbers of revolutions of the wheels. The weight of a 
train of wheels is smaller when the number of pairs of wheels 
is as small as possible, and when all the pairs, e^icept the 
quickest mnning pair, have the greatest practicable velocity 

Mr. D. K. Clark gives the following formula for the 
weight of cast-iron spur wheels per inch of breadth in lbs. ; 

w={5-6 + 9^K(i+o-irf) 
where d is the diameter in ft and p the pitch in ins. Bevil 
wheels are | to J the weight of spur wheels. 
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CHAPTER X. 

BELT GEARING. 

147. The term belt, band, or strap is applied to a flexible 
connecting piece which drives a rotating piece tenned a 
j^ulley, by its frictional resistance to slipping at the surface 
of the pulley. Such belts are most commonly of leather; 
belts liable to be wetted are often of vulcanised india-rubber, 
of india-rubber cloth, or of gutta-percha. Leather and 
india-rubber cloth are stronger than vulcanised india-rubber 
or gutta-percha. These belts arc flat belts — that is, they 
are wide and thin, and they run on pulleys with nearly 
cylindrical surfaces. Round belts are also used, and at the 
present time their application is being greatly extended. 
Such round belts are of hemp rope, of cotton rope, of wire 
rope, or when small of catgut The pulleys for round belts 
have usually V'Shaped grooves, in which the belts are 
placed. Chains are sometimes used in place of belts when 
great force is transmitted at slow speeds. Then the pulley 
is toothed, the projections on the pulley fitting the links of 
the chain and preventing any slipping. 

Flat Bf-Lts. 

T48. Velocity ratio in belt transmission. — A belt is not 
used in cases where a very exact velocity ratio is necessary. 
Hence it is generally accurate enough to regard the belt as 
inejttcnsible. If also there is no slipping of the belt on the 
pulley, the velocity of the belt and the surface velocities of 

D,g,t,ioflb,Google 



224 Machine Design. 

the pulleys must all be equal. Let v be the velocity of the 
belt, f/i d^ the diameters of the pulleys, and Ni ta^ their 
revolutions per minute — 



Ttdx N|=V 



1 .rft__5[i 



(I) 



These equations are in strictness only true when the belt 
is infinitely thin. When the belt has a thickness ?, the 
effective diameters of the pulle}'s are di + i, and d^+S. 
Then, 




As the belt thickness is generally small compared with 
the pulley diameter, i may be neglected without any gteat 
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error, but it should be remembered that, in all questions of 
velocity ratio in belting, the virtual diameter of the pulley is 
the diameter measured to the centre of the belt. 

149. Endless Belt. — When one shaft is driven from 
another, a pulley is placed on each shafi, and an endless 
belt is strained over the two pulleys. The belt may be an 
open belt (fig. 154) or a crossed belt (fig. 155}. In the 
former case the two shafts rotate in the same direction. In 
the latter case they rotate in opposite directions. 

15a Len^h of belts. — Let d and d be the diameters of 
the two pulleys in inches ; c, their distance apart, from 
centre to centre; L, the lei^jth of the belt Also, let 
D+(/=S, and D— i/=a. 






For a crossed belt (fig. 156) the total length— 

= L=2(»IK + «0+ff/) 

= ("^ + ?- ) D + 3 1: cos ^+ /"^ + ^ V 
= (j+^)2+ = ^cos^ . . . iz) 
sin.=£±^=f^ .... (3) 



The length of the belt is obtained thus : — Calculate the 
value of sin 9. From a table of iiatural sines and cosines 
find the nearest values of cos ^ and ^ the latter being ex- 
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pressed in circular measure. Then eq. (2) gives the belt 
length. If f is found or measured off the drawing in 
d^rees, the circular measure of the angle is obtained by 
multiplying by 00175. 

With a crossed belt ^ depends only on d+i/. Hence, 
if S and c are constant for two or more pairs of pulleys, the 
same belt will nin on any pair of pulleys ot the set 




When the belt is an open one (fig. 157) the equations 
■e rather less simple — 

L=2 (mn+no+op) 
»=f- + ^^D+afcosf.+ r^-^ V , 
t=-Z+^i + 2fcosf ... (4) 
Sin^=A;cos^=v(i-^^) . (5) 

F&r an open belt f is generally small, so that, 
^=sin ^, nearly 

.....;...{-w(.--)} 

=^2+2c|i+| ^} nearly . (6) 
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Hence, if an open belt runs on a p'ir of pulleys, the sum 
and difference of whose diameters are 2, and A| and the 
same belt is also to run on another pair of pulleys, the sum 
and difference of whose diameters is 2^ and Ag, since the 
length of the belt is the same in the two cases, 



Sa=S, +" 



(7) 



> 



It is accurate enough for practical purposes to calculate 
the diameters Dj and d^ as if the belt were a crossed belt. 
Then, taking ij=the difierence of these diameters, find the 
value of S3. From that value of Sj recalculate the diameters 
Da and d^, using eq. (1) or eq. (\a). 

151. Speed cones. — When a shaft running at a constant 
speed has to drive a machine at several different speeds, seLs 
of pulleys are used which are termed stepped speed cones. 

The speed cones (fig. 158) are placed 
opposite one another, so as to form a 
series of pairs of pulleys, and by shift- 
ing the belt from one jtair to another the — [■*'r?i 
speed of the machine is altered. In 
designing these speed cones the ratio of 
the diameters of each pair depends on 
the speeds of the shafts, and the sum of 
the diameters should be so arranged that 
the same belt will work on any pair of the 
set without alteration of length. 

Let Dj (/, be the diameters of o:ie 
pair; D, i/j the diameters of another 
pair. Let n be the number of revolu- ' '^ 

tions of the shaft on which d, and d^ are placed ; n^ and n^ 
the revolutions of the other shaft, when the belt is on d^ and 
(/j respectively. 
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If the belt is a crossed belt, from eq. ( i ) — 



also, D, +//i=D,+</j=S. 

Hence, 



rf,=- 



(8) 



If the belt is an open belt, the diameters will be slightly 
different Let A,=d,— (/[ ; ij^D,— </j ; S|=D,+if| ; 
Sj=Dj+(/2, If the belt were a crossed belt, we should 



and since the diameters for an open belt are but little different, 

a,=D,-</,=^iII^2, nearly. 
Then from eq. (^), 

And fromeq. (i), 

^j N 

Hence, 



. (9) 

Hence, the process of designing a set of speed cones 
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this : — Having given the speed n of the driving shaft; 
decide on the speeds «,, «„ wj . , . . of the driven shaft. 
Choose a diameter for one of the pulleys of the first paii, 
and find the diameter of the other by equation (i). The 
values of S, and A, can then be found. From these the 
diameters of any other pair of pulleys can be found by the 
equations above. 

152. Resistance to slipping ef a belt gn a pulley. — Let fig. 
159 represent a belt strained over 
a pulley and on the point of ^/ 

slipping from t, towards Tj. jj/ 

Then the tension t, must be ,.''\ 

greater than the tension t,, by 
the amount of the frictional re- 
sistance to slipping at the surface 
of the pulley. 

Let B be any point of con- 
fact, and let the tension at b=t. p. 
Let the angle a o b in circular 

measure be fl ; the arc a b=j ; the radius a o=r ; tht 
normal pressure of the belt on the pulley estimated per unit 
of arc =/; and the coefficient of friction =/i. 

Consider a small length, ds of the belt at the poini b. 
The tensions at the ends of that small length are T and 
t+i/t, so that -r^ is the increase of tension, per unit 

length of the arc of contact But in unit length of belt the 
friction is ftp. 



The normal pressure which would produce the tension t 
1 the flexible belt is given by the equation 
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Combining these equations and remembering that 



r'v-r- 



(.o) 



Where 9 is the angle aoc, or, what is the same thing, 
the angle r d e, expressed in circular measure, or the arc 
Ac-i-radius AO. If the angle tl is measured in degrees, it 
can be reduced to circular measure, by multiplying by —^ 
or by o'oi75. 

This equation may be put in the form 



,c9 



(■■) 



where « = 27i828 the base of the system of natural 
logarithms. Hence, /j fl is the hyperbolic or natural 
logarithm corresponding to the number Tj-j-Ti. As common 
logarithms are more convenient. 

Common log. - '=o'434 f^ if is in circular measure, 

=0007578 ^ A if is in degrees, 

=2']2i}fik if i is the fraction 

of the drcumference embraced by the belt. Hence, if the 
right-hand member of either of these equations is calculated, 
the value obtained is the logarithm of T,^-Ti, The natural 
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number corresponding to that logarithm, found by means of 
a tabic of logarithms, is the value of Tj-hT|, 

153. The coefficient of friction. — The value of fi for belts 
varies from 0-15 to 0^56 in different cases. For leather 
belting on iron pulleys, in an ordinary condition of working, 
/i^0'3 to 0'4. The experiments of Messrs. Briggs and 
Towne appear to show that the latter value may safely be 
taken.' For wire rope running on the bottom of a grooved 
pulley, /i=o'i5, and if the pulley is bottomed with leather 
or gutta-percha, ^=0-25, 

The following table will give the values of — for all 

cases likely to oi 
tical purposes :— 



r, with accuracy enough for most prac- 





Tensions 


en Tight and Siaci Sides af Belting 




8= 


■'.'=. 


*- 




.JU. 


\^" 


"& 


— 


.-0, 


M-o* 


.=.. 


30 


■524 


■083 


l-IIO 


1-170 


1-233 


1-299 


45 


78s 


■US 


I 170 


1-266 


1-369 


1-481 


60 


"■047 


■167 


'■233 


1-369 


1-5" 


1-689 


75 


1-309 


-jo8 


1-299 


I -481 


.■689 


:-924 


90 


iS7i 


■250 


1-369 


1-602 


I -874 


2-193 


10s 


'■833 


■319 


"443 


1-733 


2-082 


ST. 




1-094 


■334 


1-521 


1-875 


2-312 


135 


2-356 


■375 


1602 


2-027 


2-565 


3-247 


'50 


3-618 


■417 


1-689 


2-194 


2-849 


3 702 


.65 


2-880 


■458 


1778 


2-372 


3-163 


4-219 


180 


3-142 


■500 


■■875 


2-566 


3-SH 


4-808 


'95 


3 '403 


■54' 


1-975 


2-776 


3-901 


5 -483 




VfA 


1^ 


2-082 


3x03 


4-333 


6-252 


240 


■666 


2-31 1 


3-5H 


5-340 


8-119 


270 


4713 


■750 


Itt 


4-II2 


6-589 


10-55 


300 


5-236 


■833 


4-S08 


8-U7 


13-70 



■ Joumal of Franklin Instilule,' 186S. 
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154. Tensions in an endless belt. — Let an endless belt be 
strained over two pulleys with an initial tension t^. At the 
moment the driving pulley begins to move the belt is 
stretched on the driving side and the tension increased, 
whilst the other side of the belt is shortened and the tension 
diminished. Since the lengthening of the tight and the 
shortening of the slack side must be equal in amount, the 
average tension remains unaltered. That is, 

a±3=T. . . . („, 

This process goes on till the force Tj— t,, tending to 
rotate the driven pulley, is sufficient to overcome its resist- 
ance to motion. The driven pulley then rotates, the con- 
dition of the belt remaining pennanent till the motion ceases 
again. It is necessary, however, that the initial tension 
should be sufficient to prevent slipping on either of the 
pulleys. 

Let p=the resistance at the circumference of the driven 
pulley ; v its velocity in feet per second ; h the number of 
indicated horses' power transmitted — 



pv=(Tj-t,)v=ssoh 
P=T,-T,=5J;_? . . . (,3) 

If N=number of revolutions per minute, and rf=diaraeter 
of pulley in inches, 

,= „6,oooJL. . . (.3.) 

155. Tensions in a bdt transmitting a givett horse-power. — 
From equation 13 obtain the value of p, and from equation 
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II, or the toble corresponding to it, obtain the value of 
^. Then, from eqs. 12 and 13 we get. 



(>4) 





Table to Faalitate the CalculaHon 


of the Bill Tmsiom 
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V»luMorj-=-l!_ for 


Values of J- ■= ^ for 


~~ 
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tl 


ii 
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■' 






■cl 


Ij 

■083 


















■0 
30 


■524 


* 


"■ 


* 




* 


* 


*■ 


* 


10 -09 6-89 


5-29 


4-35 


9-09 15-88 


4-29 3^34 


45 


785 


-125 


6-89 476 


37" 


3^ 


5 ■as 


376 


271 




60 


I '047 


■167 


5-19 371 


2-92 


2-45 


4-29 


271 


1-92 


'■45 


75 


I 'jog 


■208 


4 35 3-08 


2 -45 


2-08 


3 34 




'■45 


i-o8 


90 


'■571 


■250 


371:2-66 


2-i4 


'■85 


27' 


1-66 


114 


■840 


105 


'■833 


■319 


3-26 2-37 


■■93 


167 


2-26 


1-36 


■924 


■667 




a-094 


■334 


2-92, 2-14 


177 


'■54 


1-92 


1-14 


762 


54' 


135 


2-356 


■375 


2-65 


.■98 


164 


I '44 


r66 


•984 


•549 


■444 


150 


2 -6 18 


■417 


2-45 


I '84 


fS4 


1-37 


'■45 


■840 


■541 


■370 


165 




■458 


2-29 


173 


1-47 


1-31 


I 29 


730 


'462 


■311 


180 


3'4J 


■500 


ZI4, 


1-64 


I -40 


1-26 


114 


«38 


■398 


■262 


'95 


3-403 


■541 


2 -03 


■56 


1-35 




1-03 


■S63 


■345 


•223 




3-665 


■583 


1*93 


150 


'■30 


ri9 


■926 


■499 


■300 


■190 


340 


4-lgS 


■666 


176 


r40 


123 


1-14 


■763 


■39S 


■230 


■140 


270 


471Z 


■750 


1-64 


1'32 






■639 


■322 


■179 


■105 


300 


5-^36 


■^ 


■■54 


1-26 


!^ 


^ 


■541 


■262 


■140 


JO. 



156. Strength of the belt. — The ultimate strength of the 
leather used for belting is about 3086 lbs. per sq. in, of section. 
At the joints the strength is reduced to 1 747 lbs. per sq. in. of 
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belt section when the joint is riveted, and to 560 Iba. pet 
sq. in, of belt section when the joint is laced. The greatest 
safe working tension (since the belt is subject to only one 
kind of stress) is about Jtd of these values. Usually a belt 
has cemented and riveted joints made at the belting factory, 
and a laced joint, which is made when the belt is put in 
place, and which serves for tightening up the belt, if it wears 
slack. Hence, the greatest working tension is that corre- 
sponding to the laced joint, and is about 320 lbs. per sq. in. 
■ of the belt section. 

The thickness of the belt varies from -^ to -^ inch if 
the belt is a single one, and from | to f inch if the belt is a 
double one. Hence, calling/ the safe working tension per 
inch width of belt, and £ the belt thickness, 

/-3=o« . . . (,s) 
Tltickmsi of Btll=l= 
f, A i -f, »Ai A in i 
Working Tension in ids, per in^h ■width=f^ 

60 70 80 100 120 140 160 180 200 220 240 

Professor Karl Keller points out that generally thin 
leather is chosen for narrow belts and thick leather for wide 
belts, so that if /3 is the width of the belt, we have on the 
average, 

1=0-1./ a 



and hence, 



mm of Belt in in 



Calculated thickness of Belt=l 

0-I4 -17 -so -24 28 -32 '35 -39 

Working Tension in &s. per inch of width =f 

4S 55 ^4 78 90 loi "o 124 
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The rule is a good one for small belts, but would be 
unsafe if applied to very wide ones. For these a definite 
thickness should be calculated and provided. 

157, Width of Belt fir agiven maximum tensitm.~^The 
greatest tension on the belt is the tension Tj on the driving 
side. Then if/ is the safe working tension obtained as 
above, the width of the belt is 



-y ■ <•'> 



/(x-:-) 



where the values of a: are given in the preceding table, and 
p is obtained from eq. 13. 

158. Rough calculations of the size of belts. — In a great 
many cases in practice, the bdt embraces about 0-4 of the 
circumference of the pulley on which it is most liable to 
slip,' and the coeflicient of friction is at least 0-3. Then, 
^'=2, When this is the case the following simple rules 
may be used : — 

Driving force =p= "° ^ 

Greatest tension=Tj=2 p 

Initial tension =Tg=iJp ' ' '^^^ 

Width of belt =^=~ ■ 

The following approximate table gives the width of belt 
calculated by these rough niles for one to twenty-five horse- 
power transmitted, the belt being assumed to be g^nds of 
an inch in thickness, and carrying safely 70 lbs. tension per 
inch of width : — 

* That is, the pulley having lh« smaller arc of contact. 
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Velocity of 


Wid.h of Wt A inch .hick -hen .he hor«s- pow.r .™™u.cd i. 1 


btlt in ft. 
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31 


106 

6-3 
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47 
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78 


ii'S 
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ss 
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13 


as 


37 


S"0 


6-4 


9-4 


12-6 


25-2 




15 






3'i 


4-2 


S'2 


7-8 


lO'S 


15 « 




26'2 




■79 


1-6 


a -4 


3* 


39 


5 5» 


7-9 


117 


157 


196 


25 


■63 


•■3 


1-9 


a-6 


31 


47 


6-3 


9-4 


lib 


15« 


30 






1-6 




2-6 


3-9 


5-2 


^1 


105 


>3;i 


35 






r-3 


17 




3-4 


45 


b'8 


90 




40 








'■5 




2-9 


3-9 


5-9 


7-8 


'98 


45 










18 


j-6 


35 


S-2 


7-0 


8-8 


5° 










I 6 


2-4 


3 '2 


47 


6-3 


7-8 


60 










«-3 


20 


2-6 


3-9 


5-2 


6'5 


70 












17 
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5-6 
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'■5 
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3-9 


4 9 
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159. Influence of the elasticity of the belt on the velocity 
ratio. — Let s be the length of belt which mns off either 
pulley in the unit of time, the belt being measured in its 
unstrained condition. In working, the length s is extended 
to Jj by the tension x, on the driving side, and to r j by the ■ 
tension t, on the slack side. Since the elongation is pro- 
portional to the straining force, 

jj=(i +fl Ta) s, and Ji=(i +a t,) s 
where a is the elongation of one foot of belt by one pound 
of tension. The driving pulley receives j| feet of belt in 
the unit of time, and the driven pulley jj feet. Hence the 
velocities of the pulley circumferences are not exactly the 
same (as assumed in § 148) but are equal to jj and s^ 
respectively, 
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where n^ is the number of revolutions of the driving, and Nj 
the number of revolutions of the driven pulley. According 

to M. Kretz, ^^°^! =0-975 for new, and 0-978 for old bells. 

Hence, 

a= . , for old belts 

= - ^ for new belts. 

^ 3 being the area of section of the belt in sq. ins. The 
velocity of the driven pulley is about z per cent.- less than it 
would be if the beit were inelastic If motion is transmitted 
through several belts, the loss of velocity due to this cause 
would become important This loss of velocity may be 
termed the slip due to elasticity of the belt 

160. £ffeet of centrifitgal letisioa on the strength of bells. — 
When belts nm at high speeds, part of the belt tension is 
expended in deviating the belt as it passes over the curved 
suiface of the pulley. Hence, a given belt tension produces 
a less normal pressure on the puUej", and less resistance to 
slipping, in consequence of the centrifugal force of the belt 
The weight of beltmg is about w=^q-^^ fiZ lbs. per foot of 
length, where (i and ii are in inches. The. centrifugal force 
of one foot length of belting is K'~=oi34— lbs. The 

normal pressure on the pulley is /= — , where the 

second tenn becomes unimportant at small velocities, as 
has been assumed above. 

Hence, the greatest tension in the belt is, 



and the belt width must be calculated for that tension 
Instead of for t,. 

Hence, if /3 is the width of the belt when the centrifugal 
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tension is neglected, its width when centrifugal tension is 
allowed for will be 



743- 



, 23924 /L 
23924-v* . {19 -2) 



The influence of centrifugal tension was first pointed out by 
Professor Rankine (' Millwork,' p. 532). 

r6r. Single, double, and combined belting, yeints in 
belting. — The leather used for belting is of ox-hide tanned 
with oak bark, and only the best part of the hide, termed 
the butt, is used. The butts are cut into strips of the width 
required, and joined together to form a belt of any required 
length. The joints are made by paring down the ends of 
the strip, overlapping them, and cementing them with glue. 
They are then either sewn, laced, or riveted as an additional 
precaution. Fig. r6o Cshowsacementedand laced joint; the 
overlap is about 7 inches long, and the laces i^ inch apart, 
extending an inch beyond the overlap at each end. Some- 
times a few rivets are used in addition to the lacing. Fig. 
160^ shows a cemented andriveted joint, the overlap 6 to 7 
inches long, and having about one rivet to t\ or aj sq. ins. 
of overlap. Fig. 160 D shows a laced and riveted joint 

In an endless belt one joint must be uncemented, so 
that it can be easily broken when the belt requires to De 
tightened. This joint may be a laced joint, like that pre- 
viously described,' or it may be made with belt screws shown 
in fig. ifxiA. These beh screws are of iron with a very flat 
nut. The length of overlap may be 6 ins., and there may 
be one screw to 6 or 8 sq. ins. of overlap. This joint is 
more clumsy than a laced joint, but is very easily broken or 
made. The laces commonly used are strips of white leather 
tanned with alum. 

When a single belt would be of inconvenient width, 
a double belt is used. This is made by cementing two 
strips of leather together, and then sewing them or rivet- 
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ing them. There may be about one rivet to 3 to 4 sq. 
ins. of belt The double belt is more rigid than a single 
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belt, and does not work satisfactorily unless there is ample 
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distance between the pulleys and the pulleys are not too 
small. 

When a very broad belt is required to connect two shafts 
which are not parallel, (that is, when the belt has a half or 
quarter twist,) it does not work well, because its rigidity 
prevents its lying down in contact with the pulleys. It 
comes in contact with the pulleys on one side only. Messrs, 
Tullis, of Glasgow, have in such cases employed several 
narrow belts instead of a single wide one. These run side 
by side on the same pulleys, and are kept parallel by cross 




strips of leather riveted to them. Thus, for instance, instead 
of a 1 2-inch belt, three four-inch belts may be used, con- 
nected by cross strips i^ inch wide, at intervals of about 
12 inches. A combined belt of this kind runs quite parallel, 
and comes much more perfectly in contact with the pulleys 
than an ordinary belt. 

The inside of the leather is rougher than the outer 
surface, and belts should be so arranged that the rough side 
is always next the pulleys. Crossed belts and belts passing 
over guide pulleys require to be twisted in order to keep the 
same side of the belt next the pulleys. 

Fig. i6i shows a peculiar leadier belt introduced by 
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, Messrs. Tullis, of Glasgow, and intended to work on pulleys 
having V-shaped grooves round dieir circumference. When 
the grooves have sides inclined at 45°, the adhesion of the 
belt to the pulley is increased about i'6 times, so that the 
grooved pulley is equivalent to a cylindrical pulley with a 
coefficient of friction, ^=o-8 to i-o. The V-shaped belt 
shown in fig. 161 has been used for some years in America. 
It is made of slices of leather riveted together. The con- 
tinuous part of the 
belt consists of three 
strips about Jths of 
an inch in total 
thickness, and 2 ins. 
in average width. 
Hence the belt sec- 
tion is about \\ aq. 
in. Several of these 
belts may be used 
side by side, pre- 
cisely in the same 
way as the rope belts 
which are described 
in the next chapter. 
Messrs, Tullis state 
that the driving 
power of the belt is 
considerably greater 
than that of an ordi- 
nary rope belt. 

162. Belts con- ,, 
necting shafts which 
are not parallel. — 
When two shafts are 
not parallel and do ""b '^■ 
not intersect, they may still be connected by an endless 
belt, provided the pulleys are properly placed. The single 
^ : -.zo.., Google 
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and sufficient condition thai the belt may run properly is 
this : — The point at which the belt is delivered from each 
pulley must be in the plane of the other pulley. This con- 
dition can only be fulfilled for a belt which always runs in 
one direction. 

Fig. 163 shows three views of this arrangement of belting 
applied to two shafts at right angles. The arrows show the 
direction of the motion of the belt If this be followed, it 
will be found that the point at which the belt runs off each 
pulley is in the plane passing through the centre of the other 
pulley. The belt would in this case be said to have a 
quarter twist. 

163. Guide pulleys. — When two shafts are not parallel, 
and whether their directions intersect or not, they may 
, be connected by a 

single endless belt 
if intermediate guide 
pulleys are used. 
These guide pulleys 
alter the direction of 
the belt withoiit mo- 
difying the velocity 
ratio of the shafts. 
Fig. 163 shows an 
elevation and plan 
of an anangement 
of pulleys and guide 
pulleys : a ^ is the 
intersection of the 
middle planes of 
''« '*'■ the principal pulleys. 

Select any two points a and b on this line, and draw tan- 
gents, ac, hd, to the principal pulleys. Then cac and 
Airfare suitable directions for the belt The guide pulleys 
must be placed with their middle planes coinciding with the 
planes cae and dbd. The belt will run in either direction. 
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Guide pulleys arc somednies used merely to lengthen 
the belt between two shafts, which are too close together to 
be connected direct Fig. 164 shows an anai^ement of 
this kind. The middle 
planes of the guide 
pulleys are deteraiined 
by the method just men- 
tioned. It is, however, 
possible to place the 
guide pulleys with their 
axes parallel Then the 
belt imist be delivered 
from each pulley in the 
plane of the pulley on 
to which it is running. 
When this is provided 
for it will be found that 
the belt will only ran 
in one direction. 

Figs. 165 and 1 
show two arrangements 1 
of belting and guide-J 
pulleys foi shafts at 
right angles. If the 
belts be traced round, 
it will be found that the 
rough side of the belt is always next the pulleys. It is to 
secure this that the belts have a. quarter or half twist be- 
tween the pulleys as shown. 

164. Rounding of pulley rim. — When a flat belt is placed 
on a conical pulley, it tends to climb towards the larger end. 
If the pulley is made of a double conical form, or still better 
with a rounded rim a little larger at the centre than at the 
sides, the flat belt keeps its place on the pulley and has no 
tendency to slip off. The rounding of the rim may be J 
inch per foot of width of pulley, or the section of the rim 
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may be struck with a radius equal to from three to five times 
the width of the rim. 

165, Proportiofis of puU^. Ritn of pulUy. — The pulley 
rim is a little wider than the belt it is intended to carry. 
Let B=width of rim, /3=width of belt Then, 

B=3 (/3 + 0-4) 



9-45 

9s 



107 
iif 



B=a7 3-82 4'95 6'o8 7*2 

='% 3S 5 6 7i 

The form of the rim in section is shown in fig. 167 ; at 
the edge the thickness may be 

^=07 J + -0050 

where D is the diameter of the pulley, and I the thickness of 
the belt. 




Fig. 167. Fig. .68. 

The diameter of the larger of two pulleys should not 
be less than 6 to 8 times the diameter of a wrought-iron 
shaft suitable for transmitting the power transferred to, the 
belt, and the diameter of the smaller of two pulleys should 
not be less than about 18 times the belt thickness. 

166. Arms of the pulley. — The arms of pulleys are of 
elliptical or segmental section as shown in fig. 168. The 
latter form of section looks lighter than die .elliptical section 
, . tloojic 
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and is preferable. For a s^mental arm the thickness 
hi=\hx. For an elliptical arm the thickness ^gi=o-4^,. 
The anns are either straight or curved. The curved anns 




are rather less liable to fracture from contraction in cooling, 
but in other respects the straight arms are preferable, being 
lighter and stronger. The section of the arms is diminished 
from the nave to the 
rim, so that if we put 
hy hi for the breadth and 
thickness of the arm, 
supposed produced to 
the centre of the shaft, 
the breadth and thick- 
ness at the rim will be 
3 >i, and J h^. 

Fig. 169 shows an 

ordinary straight arm, 

fig. 170 a curved arm, 

and fig. lyianS-shaped 

^''■'"- or doubly curved arm. 

The figures indicate sufficiently the way in which the centre 

line of the arm is drawn. Let r be the radius of the pulley 
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measured to the inside of the rim. Then in fig. 170, r= 
0-577 b; and in fig. 171, r|=o-47i r, and rj=o'zj6 r. 

Let V be the number of anns, B the bieadth, and d die 
diameter of the rim. Then, 

the nearest whole number being takea 
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The number of arms is really arbitrary, and may be 
altered if necessary. In calculating the strength of the arms 
it will be assumed that each arm is equally loaded, and also 
that each arm may be considered to be fixed at the nave 
and free at the rim. As these assumptions are only in a 
rough sense true, a large factor of safety must be allowed. 
Pulley-arras are also hable to be considerably strained by 
conti'action in cooHng. Hence a margin of strength must 
be allowed to meet this contingency. For these reasons 
the working stress on the cast-iron will be taken at/=22so 
lbs. per sq. in; 

If p is the driving force transmitted by the belt, deter- 
mined by eq. 13, and d is the diameter of the pulley, the 
greatest bending moment on each arm is — 

For an elliptical section of width h {measured at the 
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centre of the pulley) and thickness ©■4 h, the section 
modulus (Table IV., §31) is 

— X /j* X 04 h = 0-0393 ^'* nearly, 

and for a segmental section of width h and thickness 0-5 h, 
the modulus may be taken to be the same. Equating the 
bending moment and moment of resistance 

and putting/=225o 

feo-„8,^t!'. . (») 

Since in designing pulleys the driving force p will often 
be unknown, we may design the arms to resist the maximum 
driving force which is likely to be transmitted by a belt, the 
width of which is J a The driving force will be veiy often 
half the greatest tension in the belt, and will rarely exceed 
Jth that tension, except when the belt embraces an unusiially 
lai^e arc The greatest belt tension maybe taken at 70 lbs. 
per inch width of the belt for single beltmg, and 140 lbs. for 
double belting. Hence, p will not exceed 56 and 112 lbs. 
per inch width of the belt, or 45 and 90 lbs, per inch width 
of the pulley. 

p=45 B for single belts. 
=go B for double belts. 



Inserting this value in the equations above, 
^=©■6337 A /— for single belts. 

=0798 . / — for double belts. , 
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These equations agree well with practice. If the anns 
are of wroi^ht-ironymay be taken equal to 9000 lbs. per 
sq. in. If the section of the arms is different, the proper 
section modulus must be substituted for that assumed 
above. 

167. The Hiwe of the pulley. — The thickness of the nave 
may be 

3=iO'i4 V^i^+i {single belt) 

=o-i8 V^D+i (double belt). 

The length of the nave, X, should not be less than %\ i, and 
is often 5 B. The key is to be proportioned by the rules in 
5 67. When the pulley is to run loose on the shaft the 
nave should be bushed with brass, and the lei^h of the 
nave should be equal to b.' Provision must also be made 
for lubrication. In large pulleys the nave may be strength- 
ened by wrought-iron 
rings shrunk on. 

168. Split pull^s. 
— When the pulleys 
are intended to be 
fixed on shafts which 
are bossed at the 
ends, they are often 
cast in halves. The 
two halves can then 
be bolted together 
on the shaft with- 
out dismounting the 
shaft and without 
having recourse to 

cone keys. Fig. 172 Kb. it* 

shows a pulley of this kind.' The net section of the bolt 

at the rim should be about a quarter the section of the rim, 

' Boit, ' Millgearing,' p. 75. 
• 'Engineering,' vol. xi. p. 1S3, 
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plus \ sq. in. and that of bolt at the nave about } sq. io. 
plus a quarter the section of the nave calculated as above. 
The two half-pulleys may be made to grasp the shaft so 
tightly that relative motion is prevented by fiiction, and no 
keys are necessary. 

If it is undesirable to cast the pulley in halves, the eye 
of the pulley must be bored out large enough to pass over 
the bosses at the ends of the shaft and slightly conical. 
Then three cone keys, described in § 67, are fitted in the 
space between the pul!ey-eye and the shaft. Another plan 
is to use a conical sleeve, split on one side, like that shown 
in the drawing of the Sellers's coupling, fig. io8 ; this is 
drawn into the eye of the pulley by bolts. In either of these 
plans the pulley is fixed on the shaft by friction only. 

Wrought iron pulleys of ordinary size and of exception- 
ally large dimensions are now made by Messrs. Hudswell, 
Clark and Rodgers. They are safer at high speeds because 
they are entirely free from strains due to contraction in 
cooling, and because if they should break, their toughness 
would prevent them from flying to pieces like cast iron. 

■ For the weight of pulleys in lbs. per inch of width, the 
diameter being d in ft., Mr. D. K. Clarke gives 

v/'=t6 d—is to iz d~()5 for rough castings 
=7 li— 175 to n-6rf — 925 for finished pulleys. 

Centriju^l tension in rim of pulley. — Pulleys run at high 
speeds are liable to burst from the tension in the rim. Let 
•w = weight of unit length of rim in lbs., v = velocity, 
and r = radius of rim, both in ft. Then centrifugal force 
of unit length of rim = ^- . Resultant centrifugal force oi 

semi-rim =-^ X2r=?^-, This force is balanced by the 

gf g 

tensions on the sections at each end of the semi-rim. Hence 

tension in rim = ^ If u = section of rim in sq. ins., 
g ^ 

then intensity of stress = — ^ 
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CHAPTER XI. 

ROPE GEARING. 

169. At the present time, ordinary hemp ropes are being 
used to replace leather belting and toothed gearing in the 
transmission of power. For special purposes, similar ropes, 
made of cotton, are also used. The pulleys for belts of this 
kind are made with ^'gcooves round their circumference, 
each groove having its own rope-belL When only a small 
amount of power is to be transmitted, the rope rests 
on the bottom of the groove, but in most cases the 
rope rests against the sides of the groove, and 
is wedged between them, so that the fictional 
resistance to slipping is very great The ropes 
most commonly used are patent ropes of three 
strands (fig, 173), white or untarred, and from i to 
2 inches diameter. They are placed on the pulleys 
with very little initial tension, and the joint is 
made by splicing the rope. The pressure of the ^^ 
rope on the pulley is chiefly due to its weight. W&, 
Hence, to secure sufficient frictional adhesion the f"''1 
pulleys should be large, and at a sufficient hori- ' ' 
zontal distance apart If the pulleys are vertically ^'^' '"■ 
over each other the rope must be strained more tightly, and 
its durability is impaired. Usually the horizontal distance 
between the pulleys is 20 to 60 feet, whatever their vertical 
distance may be. The ropes are never strained so tightly as 
to draw them nearly straight They hang between the pulleys 
in catenary curves which approximate to parabolas. It is 
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advisable to have the driving side of the rope on the lower 
side of the pulleys and the slack side above. Then, in 
driving, the two sides approach each other, and the arc of 
contact on the pulleys is increased. The slacker the ropes 
are, consistently with obtaining sufficient frictional resistance 
to slipping at the pulleys, the better, because the ropes arc 
less squeezed in the grooves and wear longer. 

170. Strength of ropes. — The breaking strength of white 
or untarred rope varies from 7,000 to 12,000 lbs. per sq. in., 
and is to some extent dependent on the amount of twist 
given to the rope. The twist diminishes the strength of the 
rope, but makes it more solid and durable. The working 
strength may be taken at about ^th of the breaking strength. 
Hence, the working strength is/=875 to ^5°° "^s- P^'' ^1- 
in. In the following calculations it is assumed that/=i2oo 
lbs. per sq. in. 

Let S be the diameter ; y, the girth ; and C, the weight 
per lineal foot of the rope. The section of hawser-laid rope 
is about TBths of the area of the circumscribing circle. 
Hence, 

Area of section=o'9 X - X S'=o707 J*=o'o7i6 y'l 
Workingstrength=o-7o7/S* =850 c* =867* J 

When the rope is wet or taired, the strength is reduced 
by about one- fourth. 

The weight of ropes, G, in lbs. per foot of length, is given 
by the following equations : ' — 



G=o-28i2c'=o-o28s y* dry 
=03376 £'=0-0342 y* wet or tarred 



} ■ {') 



Hence, for dry ropes, the weight of 3016 feet of rope is equal 
to the working strength, 

■ Karl Von Oil, ' Froc Inst, of Civil Engineers,' xhr. p. 270. 
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171. Ordinary driving /ora of rope Mis. — In order to 
ensure durability, the tension in the belt when at work is 
only a small fraction of the working strength. From data 
furnished by Messrs. Pearce Brothers, of Dundee, who have 
erected rope belting extensively, it appears that the difference 
of tension on the two sides of the belt, or driving force is:' — 
T,-T,=p=7-8i 7* lbs. . . (3) 

It will be shown presently thai when the belt embraces 
0-4 of the circumference of the smaller puUey, the greatest 
tension is 

Tj^i'2o8 p^9'43 y* 

Hence the greatest tension is less than -Jth of the working 
strength of the rope. 
Table of Weight, Strength, and Driving Force of Rape Belts. 
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172. Work transmitted by rope belts. — Since the power 
which any given rope will transmit is limited, and it is not 
convenient to use very large ropes, it is necessary in most 
cases to use several ropes. The pulleys have parallel 
grooves in which the ropes are placed, sometimes to the 
number of 20 or 25. Let n be the number of ropes on a 
pulley ; v, the velocity of the belt in feet per second; d, the 
diameter of the pulley tn inches ; n, the number of revolu- 
tions of the pulley per minute. Then the work transmitted 
by each belt is 

pv foot lbs. per second. 
' In difierent cases in practice, p ^ 67^ to &>*, 
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Let H be die number of horses' power transmitted, 

Also smce t= — —,- 

IZXDO 

H=«-^=K,<fN« . (S) 

where k and k, are constants, the values of which are given 
in the table above. 

173. Friclion 0/ roJ>e belting. — The coefficient of ftiction 
for a rope on a metal pulley is ^=0-28. In rope trans- 
mission, however, the rope is wedged in the groove of the 
pulley, and the normal pressure between the rope and the 
sides of the groove is greater than the force pressing the rope 
into the groove, in the ratio of cosec. - : i, where fl is the 

inclination of the sides of the groove. Hence, the resistance 
to slipping is the same as on a cylindrical pulley having a 
coefficient of friction,' 

p=p-28 cosec. ? 
In practice fl=4S°, and then fi=o-]. 

From the equations in the previous chapter^ 
Greatest tension =t, !=p* _ 

Tension on slack side=T|=p_>' > . (6) 

Initial tension =J (T, + Tj)=pr-' 

And using the above value of ;i : — 

' Some recent experiments bj Messrs. Pearce give fi = o"S7 to 0'88 
for ropes on ungreased grooved pulleys, and >i=o-38 to 0-41, when the 
pulleys were greased. The former values agree fairly with *<— 07 
assumed above. 
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174. Pulleys for rope belting. — The pulleys are usually of 
cast iron, and when motion is taken from a steam-engine 
grooves are turned in the rim of the fly-wheel The diameter 
of the sroaJlest pulley should not be less than thirty times 
the diameter of the rope carried by it. The larger the 
pulley the less is the injury done to the rope by bending 
and unbending. 

Fig. 174 shows the form of the grooves in the pulley-rim 
and the proportions adopted. The unit for the proportional 



Fig. .74. 

figures is y, the girth of the rope. If the pulley is a guide- 
pulley merely, the rope should rest on the bottom of the 

groove. The sides of the groove are usually inclined at 45°. 
The pulleys are cast in one piece when they are less than 
8 feet diameter unless they have to be fixed on shafts which 
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have bosses at the ends, or requite to be fixed after the shafts 
are in position. When this is the case they are cast in halves, 
and they are also usually cast in halves when they are from 8 
to 1 2 feet diameter. Larger pulleys are cast in segments and 
bolted together. The grooves in each pulley must be accu- 
rately turned to the same gauge, and of the same diameter. 
The splices in the rope should be 9 or ro feet long. 

The amount of power which may he transmitted by rope 
gearing is very great when the conditions are suitable. 
Thus, suppose the circumferential velocity of an engine 
fly-wheel is 5000 ft per minute. Then 20 ropes of 6^ inches 
girth placed on the fly-wheel would transmit 1000 indicated 
horses' power. The breadth of the fly-wheel rim in that case 
would need to be 5 feet. If the speed of the rim were 
reduced to 4000 feet, 25 ropes would be required. If sc- 
inch ropes were used, 20 ropes would transmit 666 horses' 
power at 5000 feet per minute. 

Wire Rope Gearing. 
175. Wire ropes have been occasionally used for the 
transmission of a greater amount of power than would be 
possible with a weaker material. Sometimes they have 
been iised for direct haulage, and more rarely they have 
been used like ordinary belts to connect rotating pieces. 
In the latter case they often gave trouble from the fracture 
of the whole rope or of individual wires. It may now be 
asserted that the proper conditions of using wire ropes in 
those cases were not fulfilled. During the last twenty years 
a method of wire rope transmission has. been in use, on the 
Continent chiefly, which is perfectly successful, which com- 
bines economy of first cost with economy in maintenance, 
and by which large amounts of motive power can be trans- 
ferred to great distances, with an efficiency impossible with 
any other mode of transmission. This mode of transmission 
was matured by M. G. A. Him, and received from him the 
name of telodynamic transmission. 
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In belt transmission, we may increase the amount of 
power transmitted in three ways ; by increasing the frictional 
bite of the pulleys, by increasing the strength of the belt, 
and by increasing the velocity of the belt. The first principle 
is applied in ordinary rope transmission, by wedging the 
ropes in V-^h^ped grooves in the rim of the pulley. With 
wire ropes these wedge-grooves cannot safely be adopted, 
because of the injury done to the rope. On the other hand, 
wire ropes are enormously stronger than hemp ropes, and if 
in addition they are run at the highest practicable velocity, a 
very great amount of power can be transmitted, with com- 
paratively light gearing. The principle of telodynamic 
transmission is, therefore, to use flexible belts of very great 
strength on ordinary pulleys, and to work them at very high 
velocities. Various expedients are necessary in the applica- 
tion of this principle and in securing the greatest possible 
efficiency, or the least waste of work in friction. The 
system has proved so successful that power is now frequently 
transmitted to veiy great distances with comparatively little 
loss. That loss is estimated at only z^ per cent. -|- 1 per 
cent, in addition, for every 1000 yards of distance. The 
method is not suitable when the distance to which the 
power is to be transmitted is short, and 130 feet has been 
fixed as the minimum distance for which transmission by 
wire rope is applicable.' At less distances the wire rope is 
subject to considerable oscillations, which, however, it is 
possible may be prevented, 

176. Form, stren^h, and weight of wire ropes. — The rope 
used consists of six or more strands wound upon a hemp 
core. Each strand consists of six or more wires also twisted 
round a hemp core. Fig. 175 show's the section of a rope, 
the shaded circles being sections of the wires, and the un- 
shaded portions hemp. The angles of twist are usually 8" 
to 15° for the strands, and 10° to 25° for the rope. The 
wire diameter varies usually from j\j to ^^ of an inch. 
' Vigreux, ' Proc. Inst, of Civil Enjineers,' xlv. p. 266. 
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The ropes most comroonly used have six strands, each 
containing six wires and a hemp strand at the centre. For 
, , these ropes with 36 wires the 

-, jiajngjgf of the rope is nearly gj- 
times the diameter of the single 
wires. Ropes of 42 wires are used 
with the middle hemp core re- 
placed by a strand of six wires, 
and their diameter is about 10^ 
times the diameter of a single 
wire. The number of strands 
and of wires in each strand is, 
^^'' '"■ however, arbitrary, and ropes of 

8 strands, each of 10 wires, of 10 strands, each of 9 wires, 
and various other proportions, are adopted. ' The relation 
between the diameter of the rope i, the diameter of the 
wires <!, and the number of wires v, is given very approxi- 
mately by the formula 

H+' .... 0) 

The breaking strength of iron wire varies from 85,000 to 
108,000 lbs. per sq. in., so that the greatest working stress 
may safely be taken at 25,000 lbs. per sq. in. of the section 
of the wires. The breaking strength of steel wire may be 
taken at 130,000 lbs., and the safe load for such wire at 
40,000 lbs. per sq. in. 

The weight of wire rope per lineal foot is very nearly 
=G=3-268 V h^= 1-341 iS lbs. . . (7a) 

177. Used as a belt the rope is subjected to two very 
different straining actions. There is a longitudinal tension 
due to the tightness with which the belt is strained over the 
pulleys, to the weight of the rope, and to the work trans- 
mitted. There are also stresses of tension and compression, 
due to the bending of the rope to the radius k of the pulley. 
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Let/ be the greatest working stress due to the longitudinal 
tension of the belt, and/b the stress due to bending. For 
those wires which lie on the stretched side of the belt in 
passing over the pulley, the total stress is 

/=/t+A- ■ - . (8) 
When a cylinder is bent to a radius k, the bending 
moment at any point is ' 

The moment of resistance to bending of a circular section of 
diameter h (§ 28) is. 

Equating these values, 

/.=f| . . . .(.«) 

if T is the total longitudinal tension in a rope hawing i* ■ 
wires, each of I inches diameter, 

/.=-^ • • • ■<-■) 



Hence the total stress in the most strained wires is 

J- E f T 



=H 






For a given value of the limiting stress / t will be a 
maximum for pulleys of a given radius, when £ is so chosen 
Ihat, 



' Compare equation 30, p, 50, and the values of Z given at p. 35. 
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Putting,^ 15,000, and E^ag.oc 



• . ■ ("S) 

1,000 for wrought iron. 



That is, the longitudinal tension will be a maximum when 
the diameter of the wires is g firth of the pulley radius. 
Putting,/^ 40, 000, and £=30,000,000 for steel, 

f.jeo. 

When the ratio - varies from these proportions, we have 

for the greatest safe working stress due to the longitudinal 
tension, 



/.=/-/.-/- 



■ (•4) 



Sometimes when the rollers are near together, the deflec- 
tion 'of the rope will be too small with this tension. The 
deflection, when the rope is not working, should not be less 
than 18 inches. If this is the case, a lower value of the 
working tension should be adopted. 
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It will now be obvious why the working tension is so 
low in wire rope transmission, being only 7,000 to 9,000 lbs, 
for iron wire ropes, and correspondingly small for steel wire 
ropes. In practice the iron wire has proved superior to 
steel, and the numerical values assumed in the following 
calculations will relate to iron wire only. The formulas are 
equally applicable, however, to steel, if suitable values are 
taken for the safe working stres.=. 

178. Total lotigitudinal tension ofrope.— l.tt T be the 
greatest tension in any part of the rope, then since the sec- 
tional area of the wire is -vl*. 
4 

Hence the size of wire for a given total tension is, 

/,= 7,000 S,ooo 9,000 ,0,000 

O'oi349 '01 263 '0119O' *oii28 



V^ 



It has been stated already that I is usually between ^^ijti 
and tV'I* of an inch. 

179. Tension due to centrifugal foree. — The tension due 
to centrifugal force in a rope weighing g lbs, per foot, and 
travelling at v feet per second is, 

S 

Inserting the value found in eq. (711) for G, 

c=3-268rg*^ 
S 
and dividing this by the section of the rope, the intensity of 
centrifugal tension is — 

jr=o-iz93 v^ lbs. per sq. in. . , (16) 
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These stresses must be deducted from the stresses in t!ie 
table, § 177, p. 260, in order to find the safe tension due to 
the power transmitted. 

1 8a Driving /one of beit, and power /rausmiliai.—The 
equations Tor the friction of a belt on a pulley given in 
Chapter X, are equally applicable for an iron wire rope, 
if proper values are taken for the coefficient of friction. 










Fig. ijt. 

Taking ^=0-24, and supposing that the belt embraces 
nearly a semicircle of the pulley, so that 6=3 

i ** =a nearly. 

The ratio of the tensions on the tight and slack sides 
<rf'die belt due to the resistance to slipping is, 

j=,"«=,' . .(.7) 

T, 

The driving force of the belt is the difference of the tensions, 
that is, 

P=T3 — T, 

■■■■'.-' n . . . .(.8) 
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The work transmitted in foot pounds per second is p v, and 
if H is the horse-power transmitted, 

V 55° ^ ' 

We may put equation 15 in the form for calculating the size 
of rope from the driving force, instead of from the total ten- 
sion. The tension, apart from the bending stress, must not 
exceed/— f lbs. per sq. in., and the total tension due to the 
work transmitted and the initial tension is t, or 2 p. Hence, 

^=V^W^ • ■'»' 

/,— <^= 5,500 6,000 7,000 8,000 9,000 10,000 
)'o2t5 0106 •a\<j\ '0178 '0168 'o\f>a 



V; 



w-a- 



i8r. Tightened bdt. — In some cases the diameter of the 
rope calculated by this rule will prove to be very small. 
Then it may be convenient to adopt a larger rope than is 
absolutely necessary. If this is done, either the size of the 
pulleys may be reduced, if desirable, the rope being capable 
of bearing a greater bending stress, or the tension in the 
rope may be increased beyond what is necessary to prevent 
slipping at the pulleys, with a view of reducing the deflection 
of the rope between the pulleys.' In this latter case, the 
tension Tj maybe calculated from the size of rope adopted ; 
then Tj is Tj— p, and from these tensions the curves of the 
rope may be determined. 

i8z. Weight of ropes. — The weight of wire ropes per 
lineal foot may be taken to be* 

G=3a68^£*=i-34r A'lbs. . . (ai) 

183. Tite eatenary curve. — No important error is likely to 
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be introduced by considering the rope to be perfectly 
flexible and of uniform section. In that case, the funicular 
curve in which the rope hangs between the pulleys is known 
to be the catenary, and the tensions in the rope are due to 
a distribution of load, vertical and constant per unit length 
of arc 

I^t fig. 177 show the form of the curve in which the 
rope hangs, and let Obe the lowest point of the curve. Take 
O for origin of co-ordinates, and \&.x-=Ok, and _j'=ABbe 
the abscissa and ordinate of any point B of the curve. Since 




the rope is flexible, the tension at any point of the curve 
must be in the direction of the rope. Let t be the tension 
at B, and let v and h be its vertical and horizontal com- 
ponents. Let the length of the arc <7b=j, and let the 
inclination of the curve at b to the horizontal be denoted by /. 
Since g is the weight of a unit length of rope, g j is the 
weight of B, and this is equal to the vertical component of 
the tension at b ; hence, gs-=-v. The other tensions h .ind 
T are equivalent to the weight of lengths m and » of rope, 
fn and n being at present undetermined, so that h=g m and 
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The inclmation of the rope at B is given by the equations 

cos i=.i. 






• (") 



•('3) 



Integrating, and putting x=o, when s=0, 

«-» hjT>. log {£ + A /(■+£) } • <=") 
That is, V / J 

Inserting the value of i in equation 25, 



Integrating-, 



-i ir- •) 



^=f (^+« -)+c 
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The constant is determined by the condition that y=o, 
when x=o, 

.•.>=^{^»+^'"-^)=^/?+^-«l . .(26) 

iTiis is the equation to the curve termed the catenary, 
and m is its parameter. For the relation between the ten- 
sions at B we have 

H=GW V=GJ 

=G (> + »») . . . .(27) 

From this last equation it is seen that the tension, at any 
point of the rope, is equal to the weight of a length of the 
rope, ^+»», equal to the ordinate ^ of the point added to 
the parameter m. If O 0'=m (fig. 177) and (7 A:' is drawn 
horizontally through O", then the tension at any point b is tlie 
weight of a length ba' of the rope. 

At the vertex O of the curve the tension is horizontal, 
and equal to the weight g »» of a length O C ot the rope. 
But this is the same as the horizontal component of the 
tension at B. Hence the horizontal component of the ten- 
sion at any point is equal to the horizontal tension at the 
vertex of the curve. ' 

184. Approximati eqiiatiom. — Introducing the value 

tan ('=- in eq. 24, we get ' 

-=hyp. log. (r+sin 1)-^ hyp. log. (i— sin» () 

But hyp. log. ^!"J.=i (sin Z+i sin* »> . ' , ) 
' Keller's 'TreLbwerk-e,' p. 201. 
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Or when / is small, neglecting the terms conUining 
powers higher than the first — 

Jlyp. log. I±^';=2 sin i 

.•.x=m Sm /■ , , . (39) 
Using this value in equations 23 and 24, 

,= -»-.=^-™LL . .(30) 

COS t I— COS / ^^ ' 

-^=-%SSs-?- • • -^^'^ 



y+m 



■ (33) 



These equations enable all problems relating to the form 
of the rope to be solved. 

185. Case I. Horizontal transmission. — Let the sup- 
porting points of the rope be at the same level, and at a 
distance / apart, and let the total tension t=Tj + c=2P+c 
be known. 

From equation 27, we get y + m=T~G at the points of 
support. Since in this case the curve is symmetrical about 
its lowest point, x=^ I. Hence at the points of support. 

Sin 2/=-?*=^' 1 

y+m T 

The parameter=m=(>+»t) cos/=-cc 



The deflection=7=--OT 

The length of the rope=2 j=2^ — 



.(34) 



-cos 1 J 

D,g,t,ioflb,GoogIe 



268 Machine Design. 

Conversely if the defection ^ at the centre is given in 
place of the greatest tension, and also the half span x, 



cos (' / .t' 

Then the other values can be found as before. 

186. Case IT. Tmlined transmission. The points of sup- 
port b' b" not at the same level.— TVx^ case is best solved by 
approximation. We may assume the length j'+f'' of the 
rope to be the 
same as if the 
points b'b" were 
at the same 
kvel and the 
same distance 
apart' Let T', 
the tension at 
b', be given, and 
also tlie length 
= /, and 
the difference of 
level y —y" = h. Calculate first the length of rope is 
from the equations above, putting t' for t, and assuming 
the pulleys to be / feet horizontally apart 
Then on the assumption above, 

S'+S"=2S 

t' 




' Reuleaux, 'Det Constnicieiir' ; Keller, ' Treibwerke. ' 
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By equation 36, 



f ^,_ (y+«')'-(y'+"')' 

Having now obtained y+j" and s'~s", it is easy to find 
y and s". Let »' (" be the inclinations of the ropes at the 
points of support The vertical forces at b' b" are 

v'= Of' and v" =uf" 
Sin i'=-j and sin i'=-y, • • (36) 



The value of t" being given above. Hence (' and ;" can 

be found, 



tan i tan i" 
a;=« sin (' 



. (37) 



From these values of x' and/ the position of the vertex of 
the curve can be found. 

187. D^edion for which the Umgitudinal iaisloit U a 



get 
But 



y=\ — nearly 



T=G {y-\-m)=G [yJf — ) nearly. 
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for different values of the deflection, 



The tension increases to infinity for_j'=o and foT^=oo . 

i88. Tensions in the sloping wire rope. — Let f^ 'v'l be the 
tensions on the tight and slack sides of the rope at the 
upper pulley, t"j and t" i those at the lower pulley, 

T'j=2P + C 

T'i= p + C I 



T"j=2 P + C- 
T'',= P+C- 



where h is the difference of level of the pulleys. 

189. To drtnv the curve of the rqfie. — In drawing the 
curve of the rope, which is 
often necessary to deter- 
mine the space it will 
occupy, it is sufficiently ac- 
curate to substitute for the 
catenary curve a common 
parabola. Divide the ab- 
scissa O A and the ordinate 
A B, of any point, into an 
equal number of equal 
■ parts. Join Oi Oa 05, and 
* * . * ' from i' 2' 3' draw verticals. 

'*■ '"■ These verticals will inter- 

sect the corresponding sloping lines, in points situated in a 
parabola. 

1 90. Pulleys for wire rope transmission. — Wire ropes will 
not support without injury the lateral crushing which occurs 

D«,n;.^:b,G00glc 




Rope Gearing. 



27L 



when the rope rests against the sides of V-shaped grooves. 
Hence, it is necessary to construct the pulleys with grooves 
so wide, that the rope rests on the rounded bottom of the 
puiley. It was found by Him that the wear of the rope was 
greatly diminished, and at the same 
time the frictional resistance to slip- 
ping was increased, by lining the 
bottom of the groove of the pulley 
with gutta-percha or wood. The 
gutta-percha is softened and ham- 
mered into the groove, which is 
dovetailed in section. The wood 
may be inserted in short blocks, 
through a lateral opening, which is 
afterwards covered by a metal plate. 
More recently, leather has been 
found to succeed better than either 
wood or gutta-percha. The leather a^-A*-i 

is cut into strips and placed in the *'•'■ '^ 

groove on edge. Fig. 180 shows the si 
The unit for the proportional figures is 
the diameter of the rope. 

The pulleys are often of cast ir< 
arms, which may be calculated in the same way as the arms 
of toothed wheels. Sometimes they have oval curved arms 
like those of ordinary pulleys, and sometimes the arms are of 
round bar iron. These are cut to the right length and tinned 
at the ends. They are then placed in the sand mould, and 
the rim and nave cast round them. Such anns are usually 
placed sloping in the plane of the axis of the pulley, the 
slope being alternately in opposite directions. The pulley is 
thus rendered rigid enough to resist accidental lateral forces. 

It has already been proved (eq. 14) that the radius of 
the pulley must not be less than 

Be 
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on of a pulley rim. 
=A-|-J, where A is 



, with cross-shaped 
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Or, when/=25,ooo, and the tension /„ due to the work 
transmitted and the cenirifugal force, does not exceed 8,000 
lbs. per sq. in., 

R^90o S nearly. 

The pulleys commonly used are 12 to 15 ft. diameter. 

When the distance to which the power is transmitted is 
great, intermediate guide or supporting pulleys are intro- 
duced to lessen the deflection of the rope. ITie supporting 
pulleys for the tight side of the belt must be of the same 
size as the principal pulleys, those for the slack side may be 
smaller, in the ratio 

where/is the total stress in the rope,/, the stress due to the 
longitudinal tension, including centrifugal force, c the stress 
due to centrifugal force. 

The pulleys are supported on shafts which rest in pedestals 
on masonry piers or timber trestles. 

igr. Velocity of the rope.— The rope is run at the highest 
safe velocity. That velocity is determined by the liability 
of the pulleys to burst, under the action of the centrifugal 
force, when the speed exceeds a certain limit Let g be the 
weight of a cubic foot of cast iron, v the velocity of the 
pulley rim in feet per second, a its sectional area in square 
feet, R its radius in feet, and/its tensile strength in lbs. per 
sq. ft. The tension in the rim due to centrifugal force is. 



The resistance of the rim is/a. Equating these, 

"V? ■ ■ ■ <"' 

Thus, putting G =450 lbs,,/=45oox 144, 
11=215 ft. per sec 
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The actual speed is never as high as this, a larger maigiti of 
safety being necessary. Usually the speed of the rope is 
from 60 to 100 feet per second. 

Fig. 181 shows three arrangements of a wire-rope trans- 




In A and B guide or supporting pulleys are used The 
upper part of the rope is the dnving side in a, and the lower 
part in b;, c is the atrangement adopted by Ziegler at 
Frankfort for transmitting 100 h p a distance of 984 metres. 

192. Loss of work iit friclion. — The loss of work In 
friction may be taken to be about 

^='OIH« + -025 H . . (40) 

where H is the total horse- power transmitted; n the number 
of thousand yards to which it is transmitted ; and A the loss 
of work in horses' power. 

The following table contains data taken from a paper by 
Achard : ' — 

p. 229 ; ' Proc Inst, of Civil 
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Rop. 


Pulley. 




ro«idi.u»« 


1, 




fl 


,„ 




t 






Localiry 








.s 












1 




7. 


1 




B 




1 


|S 


Obenirsd 
Schauff- 
hausen ' 


0-S9 -06 


36 ..-3 


394 


94 


3.153 


U6 


73-8 


0-95 -072 


80 I 1475 


33310456326 1,997 




61-87 


ftibouig 


0-97 , -070 


90 ii475 502 ,300 a,S>o 







1 There ate two cables. If one breaks, the other is capable of 
n'LmitlJng the power. 
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Cranks and Levers. 

193. Cranks are levers fixed on shafts which rotate con- 
tinuously or through a limited angle. The simplest form of 
crank is the ordinary winch handle, used for driving rotating 
pieces by hand. Most commonly the crank forms part of 
a linlcwork arrangement for changing reciprocating into 
rotative motion. 

Hand Levers and Winch Handles. 

Fig. 182 shows an ordinary straight lever for working 
machinery by hand. The part grasped by the hand may be 
ij inch in greatest and i" in smallest diameter, and 5 inches 
long. Let p be the force exerted at the handle, and / the 
length of the lever. Then p/ {nearly) is the greatest bending 
moment on the arm. Let b be the width and h the thick- 
ness of the arm at its largest part. Then, § 28, 31, 

Let the greatest force, p, exerted by a man be taken at 
84 lbs. ; and let /=9,ooo lbs. per sq. in. for wrought-iron. 
Then, 

^i=^/nearly . . . (r) 

If A=| inch, b=Q'2l'/L If the flat part of the lever is of 
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uniform thickness, its least width should be half its greatest 
width, the case corresponding with Case I. Table VI. Let 
rf= diameter of shaft on which the lever is keyed ; «=dis- 




tance from centre of lever to centre of nearest bearing of 
shaft. Then the shaft is subjected to a twisting moment p^ 
and a bending moment P «, and its strength is determined 



Cranks and Levers. 



by the rules in § 42 and § 88. The equivalent bending 
moment is p (07 » +0-48 /) nearly. Hence, 



rf=0'O947V {p{i-4«+o'96/)} 
=o-42V(i'4«+o'960 • 



(») 



The part in the eye of the lever may have a diameter 
=0-42 V^- The eye of the lever may have a thickness 
=o-3i/and a length=i toiji/. 

Fig. 183 shows a foot lever. The foot plate is about 
8 ins. by 5 ins., and f in. thick. In designing this lever p 
may be taken at 180 lbs. Then, 



rf=-S4^(. 



1-4H+0-96/) J 



(3) 



194. Fig, 184 shows a winch handle or cranked lever. 
When this is intended to resist the full force of one man, p 



/5f 



>?.'. 



-m- 



may be taken at 84 lbs., and if worked by two men, 
p=i68 lbs. The mean effort per man in continuous work 
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is only 15 to 30 lbs. The radius r is usually 16 or 17 ins., 
and the height of the shaft from the ground may be 3 ft to 
3 ft. 3 ins. The length of handle / may be 10 or 12 ins. for 
one man, and zo ins. for two men. The pressure on the 
handle may be taken to act at §rds of the length. The 
greatest bending moment at the handle is | p /. Then, its 
diameter should not be less than 

rf=o-0947 \j%v /=o'io4i \jvl • (4) 

or say i^'j inch for one man and r^ inch for two men. The 
journal of the shaft is subjected to a twisting moment p r, 
and a bending moment p (J /+w). The equivalent bending 
moment (§42) is p(o-6 Z+o'g a+o-4/-) nearly. Then, 

D=oo947 y [p(i-2 /+i-8« + o'8r)J 



=0-42 ^(i-2^+i'8«+o'8r) for one man 
=054 V(i"3 /+ 1-8B + 0-8 r) for two men 



}(S, 



For the part in the eye of the crank, the term i-8« may be 
omitted. The greatest bending moment on the arm is P r, 
and the twisting moment ^ p ' nearly. Hence the equivalent 
bending moment is p (0-9 r+ '27/). IfAisthe breadthand 
h the width of the arm at the larger end. 



l»>i=y{o-9r+o-27/) 

=■056 (0-9 r+o-27 /) for one man 
=■1 12 {o'9 r+o'27 /) for two men 



} (6) 



Either * or ^ may be selected and the other obtained from 
the formula. If the arm is of uniform thickness, hs least 
breadth should not be less than \ b, or less than 2^/77 

or 019^/ foroneman,ando'27^/- for twomen. Thick- 
ness of eye of crank, 0-3 D ; length of eye, \\ d. 
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Engine Cranks. 

195. Engine cranks are of cast- or wrought-iron. A 
single crank consists of a nave bored to receive the crank 
sliaft, an arm, and a crank pin. If the crank pin is a sepa- 
rate piece, it is fitted into an eye formed at the small end of 
the crank. Disc cranks have plain circular discs, instead of 
the ordinary crank arm, and they have the advantage of 
being nearly balanced with respect to the crank shaft. A 
double crank is used when the crank pin cannot be placed 
at the end of the crank shaft. An eccentric is a crank of 
peculiar form. It is essentially a crank, with a crank pin, the 
radius of which is greater than the sum of the crank and 
crank shaft radii. 

196. Crank and connecting rod. Forces acting on tite 
crank pin. — Usually the crank is driven by the pressure on a 
piston, transmitted to it through a connecting rod. The 
path of the crank pin is 2 ir r in one revolution, while the 
path of the piston is 4 r. Hence the mean driving pressure 
on the crank pin is less than the mean pressure on the piston, 
in the ratio of 4 : 2 w, or a : tt. The resultant pressure on 
the crank pin is, however, at times, much greater than the 
mean pressure. 

Suppose that the varying piston pressure is represented 
by an indicator diagram. Then, for any position of the 
piston, the corresponding crank position can be found, and 
the pressure on the crank pin at that moment. In fig. 185 
let DA be the crank and a b the connecting rod. I-et c and 
D be the positions of the crosshead at the beginning and end 
of the stroke, and let an indicator diagram of the piston 
pressure be drawn on c d. Then b g represents the pressure 
p' on the piston when the piston is at b. It is required to 
find the corresponding resultant pressure on the crank pin. 
Set otf o E along the crailk and equal to b G. Draw e s 
parallel to the connecting rod. Then o f is the effort on the 
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crank pin or pressure in the direction of motion.' Along 
th2 tangent at a take A H=o f, and at h draw H K peq^en- 




Fig. >Bs. 

dicutar to A H, and meeting the direction of the connecting 
rod in K. Then a k=p is the resultant pressure on the 
crank pin, and a h=t and h k=N are its components, tan- 
gential and normal, to the path of the crank pin. 

If this construction is made for several positions of the 
ciank, it will be seen that the tangential component T vanishes 
when the crank is at the dead point, and, except when the 
pressure on the piston diminishes befpre half-stroke, it 
reaches its maximum when the crank and connecting rod 
are at right angles. Its maximum value, if r = crank radius 
and L=connecting rod length, is, 



Tmu = P - 



(7) 



Since l is usually 4 to 5 times r, 



10 show thai o E, O F are proportional to the radii drawn 
- - - "B of the connecling rod. Then if v and » are 
the velocities of the crank pin and piston ^ — . . Conscqaenlly, if 



■e ibeeirortsit the] 



n and crank pin — — — «, — . 
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The radial component n vanishes when the crank and con- 
necting rod are at right angles, and is greatest and equal to 
p* when the crank is at the dead point. 

197. Effect of the inertia of the reciprocating parts. — If the . 
crank pin moves uniformly under the control of the fly-wheel, 
the reciprocating parts are accelerated during nearly the first 
half of the stroke, and retarded during the remainder. 
Hence, the inertia of these parts balances part of the piston 
pressure during the first half of the stroke, and diminishes 
the pressure on the crank pin. During the remainder of the 
stroke, the crank pin pressure is increased by the inertia of 
the reciprocating parts. The acceleration is greatest at the 
beginning and end of the stroke, and is zero when the 
piston is nearly at mid-stroke. Hence the inertia of the 
moving parts does not much affect the pressure on the crank 
pin when the crank and connecting rod are at right angles, 
but may greatly alter it when the crank is at the dead 
points. 

I..et w = weight of reciprocating parts in lbs. ; R=radius 
of crank in ft. ; v=velocity of crank pin; 1*'= piston pressure 
at the beginning of the stroke ; p"=piston pressure at the 
end of the stroke. Then when the inertia of the recipro- 
cating parts is taken into account, the crank pin pressures 
at the beginning and end of the stroke are 

n'=p'— -.. ^ ■ and n"=p"+ ^^ . . (8) 

and the crank must be capable of resisting the greater of 
these. It must also resist p' simply, because if the engine 
happens to move slowly, the effect of the inertia is very 
small. 

Set off i>L, CM, each equal to — — , and join lm. Then 
g R 
the press ire transmitted to the connecting rod at any point 
of the stroke is given, approximately, by measuring the vertical 
ordinate from i. u inste^td of c D. 
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198. General case. Straining action on crank arm. Let 
fig. 186 represent a crank in any position, and let p be the 
total pressure on the crank pin. Resolve p into a tangentiaj 
component p, and a radial component n. Let a i be any 
section of the arm at a distance r from the centre of crank 
pin, and let m be the distance between centre lines of crank 
pin and crank arm. Then the straining actions 3.tab which 
require to be considered are : — 

{a) A direct pressure {or tension) equal to N. 

{b) A bending moment n min the plane of the arrow a 

(c) A bending moment t r in the plane of the arrow a. 

(1^ A twisting moment T/n. 

To take into account all these straining actions in several 
positions of the crank would be laborious. Generally it is 
sufficient to estimate the strength of ibe crank in two positions, 
when the crank is at the dead point and when the crank and 
connecting rod are at right angles. In the former case, t 
vanishes and n becomes equal to the greatest piston pressure, 
or to n''^f" + , which will also for simplicity be 

denoted by n simply. In the latter case n vanishes and t is 
equal to r'oz or i-o3 times the piston pressure. 

199. Strength of the crank. — Let N be the radial pressure 
when the crank is at the dead point, and T the tangential 
pressure when the crank and connecting rod are at right 
angles. Let further 

d, /ssdiameter and length of crank pin. 
D, L=diameter and length of crank- shaft journal. 
i, t, /'=internal diameter, length and thickness of small eye 

of crank. 
rf" /■' /''=internal diameter, length, and thickness of large 
eye of crank. 
h, i=thicknes5 and width of arm at any section a b ; the 
same letters with one accent referring to the sec- 
tion of the arm supposed produced to the centre 
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of small eye, and with two accents the section 
produced to the centre of large eye. 
R= crank radius. 
OT=distance from centre line of crank pin to centre 

line of crank arm. 
«=distance from centre line of crank pin to centre 
line of crank-shaft journal. 
The crank pin and crank-shaft journal are first designed 
by the rules in Chapter VII. For the section of the crank 



arm we have, when the crank is at the dead point, a direct 
tension or pressure n and a bending moment n m. Then 
the greatest stress is {§ 41), 

• • • (9) 



•V7 



/i 



nearly . . (ga) 
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If this straining action only were considered, the crank arm 
would be of uniform section throughout. Hence this 
equation is chiefly useful for determining the breadth ajid 
thickness of the am at the small end, where the straining 
action due to the force t is least important. 

When the crank and connecting rod are at right angles, 
there is a bending moment t r, and a twisting moment T m. 
Combining these, the equivalent bending moment is (§ 42), 

=0-91 Tr+o-41 Tm nearly. 

The bending is parallel to the plane of rotation, so that the 
modulus of the section is \ i' h. Then 

■Ji'A/=:0'4ITr+O'41 TOT 

",^-|^(o-9.'-+o-4.»). . .(.».) 

Select a value for A or b. Then the greater of die values 
given by equations 9 and 10, or 91Z and loa, is the proper 
value for the remaining dimension. It will often be suffi- 
cient to use equation 9 or 9a to determine b' or h' ; 
equation 10 or 10a to determine b" or h" ; and the sides of 
the crank arm may be drawn as planes. 

When the crank is of cast-iron the arm may be trough- 
shaped (fig, 1S8), and is then somewhat lighter than when 
it is rectangular. Let b and A be the width and thick- 
ness of a rectangular ami, and let ^1 h^ and b^ h^ be the 
dimensions of an arm of trough -section of equivalent strength. 
Then if flexure is in the plane of rotation, 



b'^h: 



_yViV^, 



bt=b 
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(") 



7 -75 

126 1*34 

1-29 138 

1-32 1-43 

1-35 1-46 

At the section at the centre of the small eye of the crank 
the flexure^ is at right angles to the plane of rotation, and the 



feathers strengthen the section very little. Hence the sec- 
tion there may remain unchanged, the feathers being allowed 
to diminish towards that end. 
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When a crank has a X-for™ of section, it is but little 
strengthened by the feather, but it is more easily cast 

200, Proportions of cranks. — The crank is shrunk on to 
the crank shaft, and the crank pin is also fixed in the same 
way and riveted cold. The key in the crank shaft may 
have a breadth=^ d, and a thickness \ d, for small cranks, 
and \ D and ^ d for large cranks. 

Fig. 187 shows a wrought-iron crank with a section of 
the arm. The arm is sometimes tapered and the back face 



of the arm is then rounded, so that it forms, in fact, part of a 
slightly conical surface, turned in the lathe. Fig. j88 shows 
a cast-iron crank, with sections of arms both trough-shaped 
and T-shaped. 

Eccentrics, 
201. An eccentric is a modified crank, chiefly employed 
to drive the slide valve of steam-engines. It is really 
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a crank and connecting rod, with a crank pin enlarged, so 
as to include the crank shaft within its section, the radius 
of the eccentric being greater ihan the sum of the crank and 
crank-shaft radii. The eccentric consists of a sheave, which 
is virtually a crank pin, and a strap and rod which is 
virtually equivalent to a connecting rod. The sheave is 
most commonly of cast iron, and is often cast in two parts 
connected by bolts. In very hard-worked eccentrics the 
sheave may be of wrought iron, case-hardened. When the 
sheave is in two parts, the smaller may be of wrought and 
the larger of cast iron. The strap is in two parts, and is 
prevented from shpping sideways by a ftange or flanges, or 
it has internally a spherical surface fitting on the sheave. 
The strap is of brass, of cast iron lined with brass, or of 
wrought iron lined with brass or with white metal. The 
friction of the eccentric is much greater than that of a crank, 
and it is therefore not used where ordinary cranks can be 
apphed. 

The distance between the centres of the crank shaft and 
eccentric sheave is termed the eccentricity, the radius, or 
the half stroke of the eccentric. I,et this be denoted by r, 
and let d be the diameter of the shaft on which the eccentric 
is fixed. Then the least diameter suitable for the eccentric 
sheave is about 

=D=l-2d+2rJr%. 

Professor Reuleaux has pointed out that the width of 
the eccentric sheave, or virtual length of the crank pin, should 
be the same as the length of an ordinary crank pin for the 
same work. The width b can then be decided by the 
rules fur journal lengths in § 82. There is, however, great 
difficulty in applying these rules, because the force which the 
eccentric has to overcome cannot be very accurately ascer- 
tained. 

202. Friction of the slide valve. — Let a be the area of the 
back of the valve subjected to the steam pressure, and/ the 
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stean pressure in lbs. per sq. in., reckoned above atmo- 
spheric pressure in the case of non- condensing engines, and 
above zero in the case of condensing engines. 

Then the Mctional resistance is ordinarily taken to be 

where ^ is about 015 for smooth suriaces, such as slide-valve 
surfaces, not well lubricated. But it is possible that the steam 
may insinuate itself partially, or over the whole extent of the 
faces of the valve, which are in contact with the surface of 
the valve chest ; and in that case the downward pressure 
of the steam on the back of the valve at those parts would 
be neutralised by the upward pressure of the layer of steam 
between the surfaces, and the friction would be due to the 
pressure on the remainder of the valve only. According to 
some experiments of Mr. Thomas Adams, steam does so 
insinuate itself, so long as the intensity of pressiue between 
the valve and steam chest faces is less than the steam pres- 
sure, but when the pressure is greater, as must be the case 
with ordinary slide valves, this layer of steam is squeezed 
out, and then the coefficient of friction is found to have a 
much higher value, so that in the formula above we oug^it to 
take ^=o-2 to 035, the value being greater as the pressure 
and temperature of the steam is greater. 

The friction which the eccentric has to overcome may be 
assumed to be proportional to p a, and the unit for the 
following proportional dimensions will therefore be taken, 

where c appears to have on the average the ^■alue jV to tJ^ 
for stationary and marine engines, and -^ to -j^ for loco- 
motives. 

203, Radius of eccentric. — Let a* be the greatest width of 
port opened to steam; /, the lap of the valve ; r, the radius 
of the eccentric, 
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w is in some cases the whole width of the steiim port, but in 
quick-ruoniiig engines the opening to steam is less than the 
opening to exhaust. This is secured by making w about 
^rds of the width of the port. The extenuU lap / may vary 
from i^th of the width of the port to the whole width of the 
port, according to the amount of expansion required. 

204. Proportions of theave. — The widdi b of the bearing 
surface of the sheave may be takea equal to ? k, or 2{ k. 

l.afk 



^i^i* Ho] 



"^■9 



The diameter of the bolts connecting the two parts of die 
sheave may be 0-85 k \a k, and the cotter in these bolts 
may have a width equal to their diameter, and a thickness 
equal to i of their diameter. The set screws may be 07 k 
diameter, or if there is only one it may be k in diameter. 
If the sheave has flanges to retain the strap, their projection 
may be 04 k, and their thickness 03 k. The smaller part of 
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the sheave, when it is in two parts, is generally of wrought- 
iron in small eccentrics. The least thickness of this part, 
where the shaft comes near the edge of the sheave, should be 
at least k for wrought-iron and \^k for cast-iron. 

Proportions of strap. — The strap thickness varies very 
much. For wrought-iron it may be from -5 k Jn lai^e to 
k in small eccentrics. For gun-metal it should be from 
■6251* to \\k. For cast-iron from 75 i to I'S-S. The 
brass lining may be about Jth the strap thickness in 
large eccentrics, and in other cases its thickness may be 

40 8 

When the strap is recessed to fit a projection on the 
^eave, the depth of the recess may be ^th of the thickness 
of the brass, and its width 03 b. The corresponding recess 
in the brass may be of the same depth, and its width, b—\ 
to*- 5. 

Proportiens of eccentric-rod. — The eccentric-rod is very 
commonly attached to the eccentric-strap by a T-cnd, and 
has at the other an eye to receive the pin of the valve rod. 
At its smaller or eye end, it may have a width i 8 k, and a 
thickness 055 k. It tapers in width about ^ inch per foot 
<rf length to the X-^i^*!! the thickness being constant The 
bolts in the T-end may be of the same size as the strap- 
bolts. 

Connecting Rods. 

305. Connecting rods are most commonly used to 
transmit to a crank the pressure of a piston. When they 
connect two cranks they are often termed coupling rods. In 
stationary engines the connecting rod is sometimes of cast- 
iron ; in other cases it is almost always of wrought-iron. 
Cast-iron rods are cross-shaped in section ; wrought-iron 
rods are circular in section in most cases, but for engines 
running at high speeds their depth in the plane of rotation 
should be greater than their breadth. To secure this the 
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secticfti of the rod may be rectangular, or approximately 
rectangular. The extremities of a connecting rod are fitted 
with arrangements for receiving journals. 

A connecting rod may be subjected to tension or to 
compression only ; and in that case, when it is open to 
choice, it is preferable to arrange the machine so that the 
rod may be in tension. Rods in compression, which have a 
journal at each end, are in the position of the rod in CaselL, 
Table VII., and their strength is to be calculated by the 
rule there given, if the ratio of length to diameter exceeds 
the value given in § 39. Most connecting rods are subjected 
to reciprocating stress, alternately compressive and tensile. 
Then their least section must be sufficient for the tension, 
and their greatest section, near the middle of their length, 
must be sufficient for the pressure. 

206. Forces lo ivhich connecting rods an subjected.. — Let P| 
be the force transmitted to the end of a connecting rod, due 
either to steam pressure on a piston or to any other kind of 
load. Let (* be the angle between the direction of p, and 
the axis of the rod. Then the force acting along the axis of 
the rod is p=P| sec 9. Hence, if a connecting rod is « 
times the length of the crank (usually 3^ times to 6 times), 
the thrust along the connecting rod, at its greatest obliquity, is 

^^ ■- p„ or about 103 to 108 p,. In addition to this 

load, the connecting rod is subjected to straining actions due 
to tlie inertia of the parts connected with it, and to its own 
weight and inertia. In quick-running engines these straining 
actions become of importance. In slow-moving machines 
they may be neglected. 

Suppose the connecting rod to be an ordinary engine 
connecting rod, attached at one end to a rotating crank, of 
radius R in ft., and at the other to a reciprocating cross- 
head. The crank pin moves, nearly uniformly, with a 
velocity v, under the control of the fly-wheel, and the cross- 
head and parts connected to it (piston, piston-rod, slide 
u a r- \ 
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blocks, etc.), have, in consequence, a varying velocity. 
Let w be the total weight of the parts which Feciprocate, 
inclusive of half the weight of the coonecting rod itself. 
^\'hen the crank is near the dead points, the re^stance 

to acceleration is* +w ^. Hence the thrust in the con- 
- ^R 

necting rod will be pj— w — at the beginning, and 

'■+".4 • • • ('^> 

at the end of the stroke, where for p, is to be put in each 
case the corresponding piston pressure. The greater of the 
two values is to be taken. In a non-expansive engine the 
greatest thrust will be at the end of the stroke, but in an 
expansive engine it is not always so. 

When the connecting rod and crank are nearly at right 
angles, the former is subjected to a transverse bending 
action due to its resistance to acceleration in a direction 
iperpendicular to that of the motion of the piston. According 
to GrashofF, the bending action is greatest at ^ths of the 
length of the rod from the cross-head end, and consequently, 
fliat is the point at which the rod should have the ^'eatest 
diameter. The rod is sometimes tapered unifonnly from 
the cross-head end to the crank-pin end, and in quick- 
running ei^nes this is better than making the diameter 
greatest at the centre of the rod. Let -w be the average 
weight of the rod in lbs. per inch of length ; /, the length of 
tfie rod between the centres of the journals in ins. ; r, the 
radius of the crank in inches ; v, the velocity of the crank 
pin in feet per second. Then the greatest bending moment 
due to the swaying of the rod is 

„=o-8>i'?^. . . <.4) 
» f 
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The stress due to thismoment is /=-, where z is the 



modulus of the section of the rod. Hence, 



/=4-9i —J for a rectangular rod 



=8'35i 5 for a round rod 



}.„. 



1/ being the diameter, ^ the breadth at right angles to the 
plane of motion, and A the depth in the plane of motioa 

Let G be the weight of a cubic inch of the material of 
the rod {=o'26i lb. for iron). Then, 10=0 bh or ^g</'. 
Hence, 



V /' ,. 



} 



If p is the pressure acting along the rod determined as 
above, the stress due to that pressure is 



■}- 



r- ■<■') 

= -5- for round rods 

And the total stress is /,+fi, which must not exceed the 
safe limit of stress for the material of the rod. So far as the 
bending stress is concerned, the breadth has no induence on 
the strength. It is for this reason that in locomotive 
coupling-rods the depth is made greater than the breadth. 

It would render the rules for connecting rods too com- 
plicated, to introduce the bending stress in the ordinary 
formulae for proportioning them. But it is desirable, when a 
rod has been proportioned for the load on the piston, with a 
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factor of safely which allows for other straining actions, to 
test whether that allowance is sufhcient, by examining the 
stress when inertia is taken into account. 

107, Strength of connecting rods. — Connecting rods are 
often proportioned in an empirical way, their diameter being 
made proportional to the piston diameter. Thus, cast-iron 
rods for stationary engines have a section at the centre equal 
to about o'o56 of the piston area ; locomotive rods are \ to 
i the .piston diameter j marine engine rods are ^ to J of the 
piston diameter. Hence, a close agreement of theoretical 
rules with actual practice is not to be expected. For very 
long rods, and when the bending stress, due to inertia, 
is neglected, the strength is determined by Rule II. in 
Table VII. But most commonly the ratio of length to 
diameter is such that the rules in § 39 are applicable. 

Let p be the greatest longitudinal thrust transmitted 
through the rod ; /, the length of the rod between the centres 
of the end journals ; 1, the moment of inertia of the section 
of the rod at the centre ; a, the area of that section ; n, the 
&ctor of safety. Then for long rods, 



p=S7,a40,ooo ^ for wroug^t-iron 
=27,9/0,000 — for cast-iron 



(.8) 



For a rod having a circular section of diameter d, or a 
rectangular section, the smaller dimension of which is h and 
the greater b=cht 

where u=o'02443 for wrought-iron, and 00292 for cast-iron; 
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/]=o-02i4 for wrought, and 0*0256 for cast iron \ and y has 
the following values : — 

c= \ \\ i\ \\ z 

y=-Qi\\ -0203 •0194 -0187 -oiSi for wrought iron. 
= 0256 '0242 '0231 0222 0215 for cast iron. 

For ordinary rods it is better to use the equations in 
5 39. Then 

p_ 5°° ^ for wrought iron 1 

■00009 A /*+ I I 

= _?840A I f.^^ ^j j^^^ J 
■00027 a/*-I 

These equations are in an inconvenient form for deter- 
mining the diameter from the thrust. The following formulae, 
which have been obtained by applying Poncelef s rules for 
approximation, are extremely simple, and give very approxi- 
mately the same results. 

For connecting rods of circular section and diameter d, 

ar=ooi363V{Vi' + o-79P} for wrought iron "l . , 
=i03394v' {Vp— O"033 p} for cast iron / 

For connecting rods of rectangular section, the lesser 
dimension being h, and the greater *=ir^ 

:4=ooii94'Y/< 'v -+o'8i- I for wrought iron 1 

■ =002974^ \ /^--oo34 - i for cast iron J 

If these equations are put in the fonn 

/iscv'f/v'pi-ip} . . .(23) 
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c= 1 Ji 4 'I 3 

c=oii94 -oiiag '01079 '01039 '01004 wrought iron. 

=■02974 02813 "02687 '02586 '02501 cast iron, 

*■= "Si 72 '66 -61 '57 wrought iron. 

^ '034 '030 'oaS -026 -024 cast iron. 

Other foims of cross-section than the circular and rect- 
angular are occasionally used. For cast-iron rods, a cross- 
shaped section with rounded internal comers has been 
adopted. The modulus of this section is nearly the same as 
that of a square, the angles of which coincide with the 
middle points of the arms of the cross. For locomotive 
coupling-rods of wrought iron, a double-T or X'Shaped 
section has been used, formed by slotting out the sides of a 
solid bar. By thus lightening the rod, the bending stresses 
due to the vertical oscillation of the rod are diminished. 

208, Diameter of ctmnecting rod calculated from initial 
iteam pressure on piston. — Let p, be the load on the piston, 
due to the initial steam pressure. Suppose the diameter of 
the rod calculated for the load p=»i p,, where m is a factor 
of safety, intended to allow for the neglected straining 
actions, due to acceleration parallel and perpendicular to the 
direction of tlie piston's motion. Then, for engines of a 
given class, working in similar conditions, m may be assumed 
constant; and for different classes of engines, its value may 
be determined by examining the diameters which have been 
used in jffactice. More simply still, if a* or A is the diameter 
or depth calculated by the formulEe above, when P| is put 
for p, then d\Jm and hXj ni will be the dimensions which 
should actually be taken, to allow for the straining actions 
additional to p,, which have been left out of the reckoning. 

«=ro r-25 1-5 20 30 4-0 5-0 7-5 ro 

V«=i'o 106 i-ia i-a 1-3 1-4 I's 1-6 i-8 

For locomotives it appears that m=\-2i to 1-5. For 
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stationary and marine engines m is much greater, being often 
5, and ranging from 4 to 10 in different cases. 

Connecting-rod Ends. 
209. Proportions of steps. — The ends of connecting rods 
are designed to receive crank pins or neck journals, and are 




Fig. .9=. 

fitted with gun-metal steps similar to those used for pedestals. 
The unit for the proportional numbers relating to the steps 
in connecting rods is 

i-=ooe«+J . . .(24) 
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where d is the diameter of an ordinary crank pin tupporting 
the thrust transmitted by the connecting rod. When the 
connecting rod is attached to a journal of greater size than 
is sufficient, for the thrust of that connecting rod only, 

/=-oo7v'p"i + J to ■OI2^/p,+J. (24^) 

The flanges of the steps are of very variable thickness, 
but very often tlu space between the flanges of the steps in 
which the connecting-rod end is placed is i^ths of the length 
of the jonmal. 

210. Strap end. — Fig. 190 shows a very common form 
of connecting-rod end, having a loose strap enclosing the 
steps. This strap is kept in place by gibs and cotter. It 
will be seen that when the cotter is tightened up to neutralise 
the wear of the brasses, the rod is shortened in length. The 
strap is of wrought iron or cast steel, and its total section 
(on two sides of the rod end) is a /3 S sq. ins. Let p, be the 
initial steam pressure on the piston, and let as above m p, 
be the greatest load on the strap, due to all causes of straining 
action, m being a factor of safety. Then 

'"=^' <=s> 

=■000055 m Pi for wrought iron. 
=■000037 ^ ^1 for cast steel. 

The factor of safety m appears to be large in most cases, 
being 3 to 4 for locomotives and 8 to 10 for other engines. 
If a value is selected for /3, then h can be determined. 

The total combined section of gibs and cotter is about 
li /3S when they are of the same material as the strap. If 
b is their total width, and ni their thickness, then 



.,g,t,ioflb,Google 



where « is usually \ to \. The inclination of the sides of 
the cotter is \ inch per foot on each side, but if a set screw 
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is used to lock the cotter, then the inclination may be i inch 
per foot The proportions of the other parts may be obtained 
from die numbers given on the figure, the proportional unit 
being I. 

an. Box end. — Fig. 191 shows a connecting-rod end 
having no loose 
strap. The brass 
steps have a thick- 
ness 2 t opposite 
thekey,and/|=6/ 
-^ next the key. 
At the sides the 
thickness is re- 
duced to /. The 
thickness and 
overlap of the 
flanges of the steps 
may be i /-|, so 
that the width of 
the box may be (i 
= ?/ + }■ The 
flanges of the steps 
are partially re- 
moved on one 
side to allow their 
insertion in place. 
The thickness a of 
the sides of the 
box may have the 
same value as the 
thickness of strap 
in the last case. 
The mean breadth 

of the cotter is ^* ''■■ 

06 /J, and its thickness 0-3 /5, and it tapers i in iz on eadi 
side. It is secured by two set screws; diameter of set screws 
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s=cotter thickness. Unlike the last form, this connecting 
rod is lengthened when the cotter is tightened. But it may 
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be arranged with the cotter on the other side of the brass 
steps, and then it is shortened by tightening the cotter. A 
coupling rod should have one end arranged in the former and 
one in the laUer method. Then the length of the rod is not 
much alt«^ by t^htening the cotters. The proportional 
unit fcff this figure is S. 

111. Marine engine connecting-rod end. — Fig. 19a shows 
another foim of connecting-rod end. This is of simple and 
massive form, and is often used in marine ermines. The 



boks here correspond to the strap in fig. 190. Hence, if 2 is 

the diameter of these bolts, 

^=■oo84^/(«P,)=-6^/P| . . . (36) 
m= 4 5 ■ 7i 10 

^=■0177 -0198 -0243 'oaSo 
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The numbers on the figure are proportional to Z. The 
brasses are lined with white metal or Babbitt's metal cast in 

shallow recesses. 

213. Fig. 193 shows a coupling-rod joint which may 
serve as an example of a journal bearing where there is 
not a great amount of motion and wear. This joint is 
intermediate in construction between a common knuckle- 
joint and a connecting-rod end. It has bushes to diminish 
friction and wear, but these are not divided, so that there is 
no adjustment after wear has taken place. The crank pin 
turns in a brass bush, which is protected by an outer steel 
bush. Both brass and steel bush are fixed in the forked 
rod end by small snugs, and the solid rod end turns on the 
steel bush. The pin in a joint of this kind is often larger 
than is necessary for strength, because, by using a large pin 
with a small intensity of pressure between the rubbing 
surfaces, there is less danger of squeezing out the lubricant 
The pin is of steel. The proportions may be 

. bh 



Cross-Heads. 

214. Cross-head is the name given to the part which 
connects together the piston rod and connecting rod of a 
steam engine, and with which is also connected the guiding 
arrangement either of slide blocks or parallel motion bars. 
It consists essentially of a socket to which the piston rod is 
keyed, and a journal, or two journals, on which the con- 
necting rod works. In the former case the connecting rod 
has a single end, in the latter it is forked. Generally there 
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are arrangements for attaching the sUde blocks to the cross- 
head. 

The connecting rod works with less velocitj' of nibbing 
on the cross-head than on the crank-pin journal. Hence 
the former is of less length than the latter. Cross-head 
pins are usually neck journals, with a length equal to their 
diameter only. Putting d and / for the diameter and length 
of the cross-head journal for a single-end connecting rod, we 
have from eq, lo, p- 120, 



s/'f- 



where p is the maximum thrust in the connecting rod. I( 
for p is i)ut the piston pressure only, then the value of 1/ so 
obtained must be mulliijlied by a factor of safety to allow 
for the additional straining action which has been neglected. 
In locomotive cross-heads that factor may be i^ to 1^, and 
in stationary and marine engines i^ to z. 

215. Forms of cross -heads. — Only cross-heads forengines 
with slides will here be considered. The form of the cross- 
head depends primarily on the arrangement of the slides. 
There may be — (i) four slide bars, two on each side of 
the cross-head ; (2). two slide bars in the plane in which the 
connecting rod oscillates ; (3) a slipper slide on one side 
only of the cross-head. 

Fig. 195 shows a simple cross-head for an arrangement 
of four slide bars. The cross-head is of wrought iron, 
cottered to the piston rod, and having a forked end em- 
bracing the connecting rod. A pin passing through the 
cross-head forms a neck journal for the connecting rod, and 
at the same time two end journals on which the slide blocks 
are fixed. The slide blocks are simple cast-iron blocks. 
In large engines these blocks have brass faces on the 
robbing surfaces. The pin must be fixed in the jaws of the 
cross-head by a small key, shown in the end view, which 
prevents the rotation of the pin. For the connectmg rod 
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journal </=/. The unit for the [»^portions cA the other parts 
of the cross-head is d. 



o- 



Jig. 194 shows the form of the cross-head pin irfien the 
cross-bead has a sii^le end and the connecting rod is 
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forked Each connecting-rod end is designed as above 
described, but for half the total thrust in the rod. 

F^ 196, 197, show two forms of cross-head applicable 




when there are two slide bars in the plane of oscillation 
of the connecting rods. The piston-rod socket is propor- 

I . .Google 
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tioned to the piston-rod diameter, di. In both these ex- 
amples the piston rod is enlarged at the cross-head end. 
This involves a split stuffing-box. The unit for the re- 
maining parts is the cross-head pin diameter, d. In fig. 
196 the cross-head is entirely of wrought iron, except the 
brass faces attached by set screws to the nibbing surfaces. 
The cross-head pin is kept in place by a x-headed bolt, 
which passes completely through it. The ends of the pin 
are tapered, and rotation of the pin is prevented by friction 
of the tapered parts. 

In fig, 197 the cross-head of wrought iron and the slide 
blocks are separate, and of cast iron. The cross-head pin 
is kept in place by a split pin, and rotation is prevented by 
a small key inserted on one side. 



T}%. 198 shows a cross-head designed by Mr. Stroudley 
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for a slipper slide.' The cross-head is of wrrught iron 
forged in one piece with the piston* rod and slide block, and 
the connecting rod is forked at the end, and embraces the 
cross-head. The steps of the cross-head pin are of gun- 
metal, or of case-hardened wrought iron, and are tightened 
by a wedge and set strew. The cross-head pin, of case- 
hardened wrought iron, is fixed to the jaws of the connecting 
rod. In this case the slipper slide block is over the cross- 
head. In most cases, however, it is underneath it. 



Slide Bars. 

21& In most lint-work arrangements it is necessary to 
guide the ends of some of the bars, so as to constrain them 
to move in straight lines. This can be done by an arrange- 
ment of links forming what is termed a parallel motion. 
Into the construction of parallel motions no elements enter 
which have not already been discussed. A parallel motion 
may be made to guide a given point with great accuracy, 
and with very little friction. On the other hand, it is a 
somewhat complicated arrangement, and if the links alter 
in length, in consequence of wear, it no longer properly 
answers its purpose. Hence parallel motions have been 
to a great extent superseded by a simpler arrangement of 
straight guiding surfaces termed slides. The only objec- 
tion to these is that they involve more loss of work in fric- 
tion than parallel motions. Slides are very commonly 
employed to guide the end of the piston rod at the point 
where the thrust is transmitted to the connecting rod. 

Fig. 199 shows two ordinary cast-iron slide bars with 
the slide block between them. The bars are of T section, 
and are spaced apart at the ends by distance pieces. Thin 
washers or liners are introduced between the distance pieces 

' ' Engineering,' is, p. 65. 
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and the bars, so that when the bars and slide block are 
wom, the bars can be brought closer together. 

The bars are notched at the ends, and the slide block 



% 




passes the edge of the notch at each stroke This prevents 
the formation of a ridge at the end of the stroke, in con- 
sequence of the wear of the bar. Ample provision must be 
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ma4e for lubricating the bars. The slide blocks may be of 
cast iron or of gun metal. They fit on journals at the end 
of the cross-head pin. The arrangement will be understood, 
if the cross-head and slide blocks in fig. 194 are compared 
with the slide block and slide bar in fig. 199. 

Fig. 200 shows slide bars of wrought iron (sometimes 
case-hardened) or steel slide bars. In the arrangement 
here shown, the bars are above and below the cross-head. 
The bars are rectangular in section, and thickest at tlie 
centre, where the thrust is greatest. The cross-head here 
shown has brass faces. With this kind of arrangement, in 
large engines, provision is made to neutralise the wear of the 
bars by separating the surfaces of the slide blocks. 

A slipper slide is sufficiently shown in the arrangement 
already described, fig. 198. The slide block is a T-shaped 
piece, forged in one with the cross-head, and this is guided 
in a groove formed by a flat slide bar and two L'shaped 
bars. Other forms of slide bar are used, the sliding 
surfaces being sometimes wedge-shaped and sometimes 
cylindrical 

217. Wearing surfaces ef Slide Slocks. 
Let p=total piston pressure in lbs. 

Q=thrust of slide blocks on slide bars. 

a=fi \=area of slide block surlace. 

r= crank radius. 

/=connecting rod length. 

i'=mean velocity of piston. 
The pressure of the slide blocks on the slide bars is 
greatest when the crank and connecting rods are at right 
angles. Then 

• • (n> 

It is for this thrust that the strength of the bar must be 
calculated. Since, however, the obliquity of the connecting 
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rod is constantly varying, the mean pressure between the 
block and slide bar is 

Qa=P ,,,? ^ \ " — 57=* P very nearly . (38) 

^= 3t 4 5 6 7 

k=. -1303 -2003 -rsgo •1310 •1129 

Since the second term in the bracket is in most cases small 
compared with the first, 

Q„=^ ^ p nearly . . . (29) 
The work wasted in friction is 

T=Qm v='- - ¥v foot Ibs per second. 
4* 

The heat produced is 

H=-=-' --i PK units per second : 
J 3088/ 

and supposing that h units are dissipated per second by 
conduction through the metal pieces from each unit of area 
of the slide block, 

Hence it would appear that the slide block surface should 

be proportional to the ratio -, to the mean velocity of the 

piston, and to the mean pressure on the piston, or for 
engines working in similar conditions, to the area of the 
piston. 

Let M=area of piston, a=area of slide block surface, 
/3=width of slide bars, X=length of slide block. 

For locomotives, «=} w on the average, a little more area 
being allowed in express engines, and a little less in goods' 
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engines. For ordinary land engines working at 60 lbs. 

pressure, a=<-> ^ j and for laige marine condensing engines, 

(i=^w- to 1 w -. If there are two slide blocks and two 
3 / " / 

sets of slide bars, z & \=a. When there is only one set of 
bars, li \=a. 

218. Strength of the Slide Bar. — Let m and a be the 
distances from the centre of the connecting rod eye to the 
points of support of the slide bar, when the crank and con- 
necting rod are at right angles. Then the greatest bending 
moment on the slide bar, immediately under the connecting 
rod, is 

'/■^ ■ ■ •('■> 

Hence, if the section of the bar is rectangular, of breadth ,8 
and thickness I, 

The limiting stress should be taken at 6,oao lbs. for 
wrought iron or steel to allow for the straining actions due 
to reaction, and to secure stiffness ; and at a'bout 3,000 lbs. 
for cast iron. Hence, 

p= 3i 4 5 6 

i= -0169 '0158 "0141 '0129 for wrought iron, 
= -0239 -0224 " -0200 0133 for cast iroa 

The T-shaped section for cast iron is more rigid, but not 
much stronger than if the feather were omitted. 
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When the slide bars are horizontal, the weight of the 
connecting rod, cross head, &c., rests on the lower bar. 1^ 
then, the engine runs only in one direction, it may be 
arranged so that the thrast, due to the pressure transmitted, 
acts on the upper bar. Then the weight and thrust partially 
neutralise each other, and friction and wear is diminished. 
If the engine runs in both directions, but more constantly 
forwards than backwards, the surface of the slide block, which 
receives the thrust when running forwards, is often greater 
tiian that which receives the thrust when running backwards. 
This is the case in fig. 198. When the engine runs forward, 
the thrust is upward. When runnii^ backward, the thrust 
is downward. 
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CHAPTER XIII. 

PISTONS, STUFFING-BOXES, VALVES, AND COCKS. 

219. A piston, or plunger, is a sliding piece which is 
either driven by fluid pressure or acts against fluid pressure 
as a. resistance. Pistons and plungers are commonly cir- 
cular in section, and are guided by cylindrical bearing 
surfaces, so as to reciprocate in a straight path. But other 
forms of piston are occasionally used. 

A plunger is a single-acting piston— that is, a piston 
receiving the action of the fluid on one &ce only — and ii 
is guided, not by the cylinder itself, but by a stufhng-box 
in the cylinder cover. The bearing surface of the plunger 
therefore requires to be longer than the stroke. The 
stuffing-box forms the only joint requiring attention to 
keep it staunch, and it is accessible without removing the 
plunger. A piston is equivalent to a short plui^r entirely 
contained within the cylinder and guided by it The force 
is transmitted through a piston rod of relatively small area. 
Hence the piston has two faces on which the fluid pressure 
can act, and it is usually double-acting. With a piston there 
are two joints requiring to be kept staunch, one *rithin the 
cylinder, and one where the rod passes through the cylinder 
cover. A large hollow piston rod is termed a trunk. The 
pistons of pumps are often termed buckets. 

320. TAe volume iWfpt through by an ordinary piston is 
the product of the transverse section of the piston normal to 
the direction of motion, and the length of its path. With an 
incompressible fluid, such as water, the volume swept through 
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is the volume of water lifted, in the case of a pump, or 
acting on the machine, in the case of a pressure engine or 
ram. 

IVork done on a Piston.— Tht work done on a piston by 
fluid pressure is the product of the volume swept through by 
the piston and the intensity of the fluid pressure. If the fluid 
pressure is variable, the mean intensity of the fluid pressure 
is to be taken. If the work is to be in foot lbs., the volume 
swept through may be in cub. ft. and the pressure in lbs. 
per sq. ft., or the volume swept through in units of 12 cub. 
inches and the pressure in lbs. per s<j. inch. 

Velocity of Piston.- — Ordinarily a piston drives or is driven 
by a crank, rotating with nearly uniform velocity. Then 
the motion of the piston is approximate harmonic motion, 
varying from rest at each end of the stroke to a maximun 
near mid stroke. The acceleration is greatest at the be- 
ginning of the stroke, vanishes near mid stroke, and changes 
sign and increases to another maximum at the end of the 
stroke. 

It^uence of tke weight of the Piston on the Crank Pin 
^rrwjw^c.— When a piston is driven by a constant pressure, 
it is generally desirable to make the piston as light as pos- 
sible, because the inertia of the piston causes the crank pin 
effort to be more irregular than it otherwise would be. 
When, however, the pressure on the piston varies, the 
inertia of the piston may be used to diminish the variation 
of the crank pin effort, and to make the total pressure on 
tlie crank pin nearly uniform. 

221. Construction of Pistons. — Various arrangements 
have been adopted to diminish the leakage between the 
piston and the sides of the cylinder in which it slides. The 
piston may be simply turned to fit the cylinder accurately, 
(a, fig. 2or) ; but, however good the fit at first, the wear of 
the cylinder and piston will gradually enlarge the clearance 
between them, and the leakage will steadily increase. If a 
-series of recesses are cut round the piston circumference, 

D,g,t,ioflb,GoOglc 



Pistofis. 3 1 5 

(b, fig. 201), the leakage for any given width of clearance 
space is less, because the fluid loses its energy of motion, 
at each sudden enlargement of the section of the annular 
space between the piston and cylinder, through which it is 
escaping. Pistons of this kind are used for quick running 
pumps, where a small leakage is not very prejudiciaL 
Leakage may be prevented by placing, in a recess in the 
piston, a packing of gasket or tallowed rope (c, fig. 201). 
This soft and elastic packing is compressed against the 



cylinder by a junk ring, shown at a, which 

is fixed by studs or set screws. As the 

gasket wears away, it can be replaced, 

and thus the permanent staunchness of 

the piston is secured. Pistons of this 

kind are not now much used for steam 

cylinders, though they are still employed 

for air pumps and cold water pumps. The objection to 

them is that the repacking of the piston is troublesome, 

and the friction of the piston is considerable. To diminish 

the wearing away of the gasket, a face ring or spring ring, 

shown at b, was introduced (d, fig. 201}, made of cast iron 

and divided on one side, to allow it to expand to the 

cylinder diameter as it wore away. The space behind the 

spring ring was at first filled by gasket packing, but it was 

found better to substitute steel springs for gasket, which 

retain their ehsticity much longer, and press the spring ring 

outwards quite as effectively. In small pistons, the elasticity 
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of the spring ring itself is suffident to maintain contact with 
the 'cylinder. Various arrangemcDts of this kind have been 
used. Sometimes the spring ring is a cast iron ring, of 
uniform or varying thickness. Ramsbottom's rings are 
shown at e, fig. joi. These consist of a continuous spiral 
steel ring of about 3 coils, or of 3 separate steel rings, each 
split on one side. The rings are initially of larger size than 
the cylinder, and, when compressed within it, press out- 
wards with sufficient force to prevent leakage. Cast iron 
answers best perhaps for small spring rings. It retains its 
elasticity till the ring is half worn through. Cast-iron rings 
are sometimes of uniform thickness, but very often they are 
one-half thicker at the middle of the ring than at the ends 
where the ring is split. At f, fig. aoi, is shown an arrange- 
ment for admitting the steam pressure in the cylinder to the 
back of the rings. In principle this is a good arrangement, 
but, in this form, it does not succeed very well, and is not very 
often adopted. Bramah s cup leather is a perfectly successfttl 
application of the same principle. For pumps and blowing 
cylinders, wood blocks have been used to replace the spring 
ring. 

222. Strength of Pistons. — Pistons are of a complicated 
form, and it is not easy to determine their strength theo- 
retically. If the piston were a simple metal disc, sup- 
ported at the centre and uniformly loaded, the greatest stress 
would be 

/=■*?/ ■ ; • <■) 

where (/is the diameter of the piston, i its thickness, / the 
greatest difference of the pressures on the two sides, esti- 
mated per unit of area, and i is a constant Putting /= 
8,000 for wrought iron and 3,000 for cast iron, we get 

/="oo5i d-^p for wrought iron -i 
= 0083 d^p for cast iron J 

D,g,t,ioflb,GoOglc 



Pistons. 3 1 7 

These values ef / will be taken as empirical units for 
the proportions of pistons. Since, however, the form of 
pistons varies greatly, and also the conditions under which 
they work, the draughtsman should not depend solely on 
the following proportional figures, but should deduce the 



proportional figures for himself, from good examples of 
pistons of a similar kind to the one he is designing. 

22%. Locomotive Pistons. — Fig. 202 shows two forms of 
piston used in locomotives. One is constructed chiefly of 
cast, the pther chiefly of wrought iron. Wrought iron is 
preferred by some engineers on account of its toughness and 
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strength. But cast iron is much cheaper and answers weiL 
The spring rings in both cases are of cast-iron and require 
no springs or packing. These rings ar& of uniform section, 
about i^ inches wide by \ inch thick, in pistons of average 
size. The split is made with a half lap, to prevent leakage 
at that point The rings are sprung into the recesses in 
the piston, and should be so placed that the splits in the 
two rings are on opposite sides of the piston. This equalises 
the wear of the cylinder. A small screw is sometimes used 
to prevent the rings turning round in the grooves. The 
piston rod is screwed into the uTOught-iron piston and fixed 
by a split pin. In the case of the cast-iron piston, the rod 
is slightly coned at the end, and, when in place, is riveted 
over. The holes filled by screw plugs are intended for the 
removal of the sand core after casting. 

Fig. 203 shows another locomotive piston. In this 
three spiral springs are placed behind the spring ring, and 
assist the elasticity of the latter in keeping the piston light. 
A brass tongue-piece prevents leakage at the joint in the 
spring ring. The piston rod has a strong taper to enable it 
to be easily removed, and it is secured by a screwed end 
and nut. The spiral springs are so placed as to prevent 
the body of the piston bearing on the bottom side of a 
horizontal cylinder. 

224. Stationary Engine Pistons. — Fig. 204 shows one 
form of stationary engine piston. It is made of cast iron, 
with a junk ring to confine the metallic packing. The 
packing consists of three cast-iron rings of the sectional 
form shown. The outer rings are turned -fg inch larger 
than the cylinder diameter, and are split The inner ring 
may or may not be split By screwing down the junk ring 
the two outer rings are forced outwards, as they slide down 
the conical surfaces ot the mner ring, and thus any desired 
amount of pressure can be obtained between the piston and 
cylinder. The inner ring has sometimes been made in the 
form of a spiral spring. It then presses the outer rings 
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both apart and outwards. In this piston the rod is tapered 
at the end and fixed by a cotter. 



225. Marine Engine Pistons. — Marine engine pistons are 
often of very large size, and are usually of cast iron, of a 
box-shape and stiffened by numerous ribs. Fig. 205 shows 
a piston of this kind. The spring ring of cast iron is of 
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uniform thickness. Leakage at the split is prevented by a 
brass tongue-piece, fixed to one end of the spring ring b)» 
screws. The spring ring is pressed outwards by numerous 
ptate-springs, placed in recesses cast in the rim of the piston. 
The spring ring and springs are kept in place by a junk ring, 
TTiis last is attached to the piston by bolts, which have brass 
nuts placed in recesses behind the plate-springs. To 
prevent these bolts slacking back, in consequence, of the 
vibration of the piston, various locking arrangements are 
used. In the piston shown (a type used by Messrs. Hum- 
phreys and Tennant), a securing rii^ bears against the- heads 
of all the junk ring bolts. This ring is attached to the 
piston by studs, the nuts being fixed by split pins. 

In this piston the rod is tapered and the piston is secured 
to it by a large nut on the upper side of the piston. When 
such a piston works in a horizontal cylinder, a block placed 
between the spring ring and piston body keeps the latter from 
bearing on the cylinder. 

2j6. Hydraulic Pistons. — Fig. 206 shows a combined 
piston and plunger with a cup-leather arrangement for 
preventing leakage. The fluid 
pressure acting on the flexible 
leather cups, aided by their 
own elasticity, makes an ex- 
ceedingly staunch joint, what- 
ever the pressure may be. The 
cup-leathers are so arranged 
that one acts when the piston ''* "* 

moves in one direction, the other when the piston moves 
in the reverse direction. 



Stuffi ng- boxes. 

227. Stufl^ng-boxes are used to prevent leakage of 
steam or water, at the points where moving parts pass 
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through the sides of vessels containing fluids. Thus a 
stuffing box is used where the piston rod of an engine 
passes through the cylinder cover, or where a rotating shaft 
passes through a centrifugal pump case. In ordinary 
stuffing-boxes, soft pack- 
ing is used to prevent 
leakage, but various 
forms of metallic pack- 
ing have also been em- 
ployed. 

In fig. 207 is shown 
a stuffing-box for a 
vertical rod, and in fig. 
2o8 a stuffing-box for 
a horizontal rod. In 
both cases the stuffing- 
box is cast on the 
cylinder cover. The 
stuffing-box is larger 
than the rod which 
traverses it, by the space 
necessary for the soft 
packing. At the bottom 
of the box there is a 
brass bush, which, being 
softer than the rod, pre- 
serves the latter from 
^'«- "^- injury. When the bush 

has worn oval, it is easily replaced by a new one. To keep 
the packing in place and to compress it sufficiently to pre- 
vent leakage, a loose piece termed a gland is used. This is 
entirely of brass (fig. 208) or bushed with brass (fig. 207), 
and often has an oil-box formed in it (fig 208). The gland 
is forced down on the soft packing by two or more bolts or 
studs. 

328. Proportions 0/ Stuffing-box and Oland.—lxt d be 
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the diameter of the rod or shaft traversing the stuffing-box. 
The diameter i of the gland bolts may be=;J (Z+i, if there 
are two ; and =i d+}^, if there are three. Then 3 will be 
taken as the unit for the proportions of the box. The 
thickness of packing in the box is very variable. In ordinary 



stuffing-boxes, not of very great diameter, the packing 
thickness varies from ^ f to £. But in large stuffing-boxes 
for trunks or hollow piston rods a less thickness is employed. 
The length of the box is also variable. The greater the 
length of box, the less frequently will it be necessary to 
renew the packing. On the other hand, the space available 
for the stuffing-box is sometimes restricted. From 5 ^ to 8 S 
is an average length. The thickness of the stuffing-box 
flange may be i J £ to 1^ I, and the thickness of the gland 
flange maybe h for cast iron, or i^ 3 for brass. If an oil-box 
is cast in the flange, the thickness is somewhat greater. The 
length of gland may be j to J the stuffing-box length. The 
thickness of the stuffing-box should not be less than Js/i^ 
or less than f Z. The length of the brass bush may be 
about 2^ i, but when the stuffing-box serves to guide the 
rod, as in oscillating engines, a much greater length of bush 
is used 
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229. Cup-leaiker Packing.— ^\ven great hydraulic pres- 
sure is to be resisted, a peculiar packing is used, invented 

by Bramah, and already alluded to 
The leakage is prevented by a 
flexible leather ring, kept in contact 
with the piston rod or ram on one 
side and the cylinder on the other 
by the fluid pressure. The leather 
is moulded into an annular shape 
in plan and to a U-shape in section 
(fig. 209.) This ring is placed in a 
recess in the cylinder or in a stuffing- 
box, in such a way that the fluid 
has free access to its interior ; the 
fluid pressure acting within the ring 
presses it against the plunger and 
Fig.«9. ^^ ^^^^ ^j. ^^ recess, and this, 

aided by the elasticity of the ring, makes a perfectly tight 
joint When the cup-leather is large, it is provided with an 
internal brass ring, and a thin guard ring of brass on the 
edge most liable to wear. A packing of hemp or cotton is 
used as a bed for the leather.' 

Valves. 

230. In all machinery put in motion by the action of a 
fluid (water or steam) or employed in pumping fluids, valves 
are required to regulate the admission and discharge of the 
fluid. With reference to the mode in which the motion of 
valves is obtained, they may be divided into four classes : (r) 
Valves opened and closed by hand ; (2) Valves opened and 
closed l^ independent mechanism ; (3) Valves opened and 
closed by mechanism so connected with the machine as to 
render the times of opening and closing synchronous with 
the motions of the machine ; (4) Valves opened and closed 
by the action of the fluid. 

' Mr. Tweddell, who introduced this arrangement of the cup 
kat)ieT, infonOE the Author that he no longer uses a giuud iin& 
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The mode in which a valve is actuated does not affect its 
construction, and a more convenient division, for the present 
purpose, depends on the way in which the valve moves rela- 
tively to its seat Thus we have : (r) flap or butterfly 
valves, which rotate in opening ; (2) lift valves, or puppet 
valves, which rise perpendicularly to the seat ; (3) sliding 
valves, which open by moving parallel to the seat 

231, Flap or ByMerfiy Valves. — Fig. 210 shows the sim- 
plest form of flap-valve, formed of a leather disc, strength- 




Fig.»i 
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ened and stiffened by two plates of iron, of brass or of lead, 
which at the same time give weight enough to the valve 

to close rapidly, when the pressure beneath it ceases. A 
butterfly valve consists of two flap valves placed hinge to 
hinge, or sometimes edge to edge. In the latter position 
the direction of motion of the fluid is less interfered with. 
The flap is sometimes entirely of brass, as in the case of air- 
pump foot valves, where leather would not be sufficiently 
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durable. Valves of this kind are most commonly lifted by 
the fluid. 

Indian-rubber Disc-valve. — A fonn of valve very ex- 
tensively used for condensers and pumps, consists of a cir- 
cular disc of Indian-rubber, secured by a bolt at the centre, 
and resting on a brass grid which fonns the seating. The 
Indian-rubber being flexible lifts easily from the grating, 
when any fluid pressure is applied beneath it, and closes 
again readily, and without violent shock, when the reflux 
begins. To prevent 
the Indian-rubber ris- 
ing too high, a per- 
forated guard plate 
is placed over the 
valve. Figs, an and 
212 show two of 
these valves. In one 
the valve seat is at- 
tached to the cast- 
iron casing of the 
condenser by bolts, 
and the Indian-rub- 
ber and guard plate 
are attached to it by 
a stud. In the other 
the seating, Indian- 
rubber and guard 
plate are all secured 
by the same central 
bolt, which bears 
against a cross-bar 
T^g. »■*■ on the other side of 

the casing to that on which the valve is placed. In 
each of these figures the valve and guard-plate arc re- 
moved from one half of the plan, in order to show the 
gratii^ on which the valve rests. The Indian-rubber 
should not be too thin ; \ inch to \ inch thickness is 
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sufficient, and the apertures of the grating should be so 
small that there is no great flexure of the Indian rubber 
when resting on the grating. Moderate-sized valves of this 
description answer better than large ones. It is more satis- 
factory to use several valves of 7 inches to 9 inches diameter 
than to use a single large one. 

The throttle valve used on many engines, which consists 
of a circular or square met^ disc, capable of turning 
about a shaft passing through it in the direction of a 
diameter, is a kind of double-flap valve. The disc is placed 
in a pipe, and closes the passage-way when placed across 
the pipe, whilst it offers little resistance when parallel to the 
axis of the pipe. This valve is an imperfect equilibrium 
valve, the pressure on one half partly balancing the pressure 
on the other, so that the force required to move the valve is 
only equal to the difference of these two pressures. The 
equilibrium is exact, however, only while the valve is shut 
or so long as there is no sensible current passing it If a 
rapid current is established, the pressure on that half of the 
valve which first deflects the current is greater than on the 
other half, thus tending to close the valve. 

232. Zy? or Puppet-vahres. — These are very various in 
form, the simplest being a circular disc, usually of metal, 
with a flat or bevelled edge, which fits a circular metal 
seating. These valves are generally placed with the axis of 
the valve vertical, so that their weight tends to keep them 
closed, but they may be otherwise placed if springs or rods 
are used to close them. In order that the valve may open 
an annular space, equal in area to the circular passage under 
the valve, the lift must be equal to one-fourth of the valve's 
diameter. This lift is sometimes objectionable, because, in 
closing, the valve acquires a considerable velocity and there 
is a shock at the moment of closing. This is not only 
prejudicial from the vibration it occasions, but it leads to 
the destruction of the faces of the valve and seat. Hence 
-with simple lift-valves the lift is often restricted to a less 
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amount than would otherwise be desirable, and then the 
resistance to the passage of the duid is increased. 

Fig. ai3 shows a conical disc valve and casing. The 
valve is guided in rising and falling by three feathers which 
fit the cylindrical part of the seating, and are shown in the 
plan of the valve. The lift of the valve is limited by a 
projection on the cover of the casing. The fitting part, or 
face of the valve, should be narrow, as it is then more easy 
to make it tight It must, however, present area enough 
to resist deformation by the hammering action of the valve. 
The inclination of the face of the valve is usually 45" 



with the axis of the valve. Conical disc valves may either 
be actuated by the fluid pressure or by hand. In the latter 
case they are opened and closed by a screwed rod. 

Fig. 214 shows a ball valve, which acts in precisely the 
same way as a disc valve, except that as the surface of the 
ball is accurately spherical, it fits the seating in every 
position. The only guide required is, therefore, an open 
cage, which limits the play of the valve. Such valves are 
often used for small fast-running pumps. To lighten the 
ball it is often made hollow. 

The proportions of valves depend partly on the diameter. 
Thus the area of the waterway must be constant, and 
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the linear dimensions of the casing are proportional to the 
valve's diameter. But the thicknesses are in most cases 
excessive as regards strength, 
especially in small valves, and 
do not increase in the same 
proportion as the diameter. 
For these the empirical pro- 
portional unit 

frill be adopted, where d is the 
diameter of the valve. 

233. Double Beai or Cortiisi. 
Valve. — The objection to a 
great lift in metal valves has 
already been mentioned. In 
the double beat valve, two 
valve faces are obtained in the 
same valve, and two annular 
spaces are opened when the 
valve lifts. For a given area p. 

of opening, the lift is only 

about one-half that of a simple lift valve of the same 
diameter. Fig. 215 shows a Cornish valve for a pumping 
engine. This valve is raised and lowered by a cam 
acting on an arrangement of levers. The lower seating is 
earned directly by the steam-chest. The upper seating is 
earned by four feathers or radiating plates cast with the 
lower seating. The valve itself is ring-shaped. Since the 
two valve faces are nearly of the same diameter, another 
subsidiary advantage is gained in this form of valve. The 
valve is pressed down on its seat, partly by its weight, 
partly by the steam pressure acting on one side of it If 
the valve were a simple disc-valve, the steam pressure 
would act on an area— d' where d is the diameter of the 
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valve. As the valve is annular, however, the steam presses 

only on the area — {D|* — Dj*) where D, and d, are the 

diameters of the two faces. 

234. Sliding Valves. — Sliding valves are more commonly 
used than any others for stop-valves, which are opened and 
closed by hand ; they may be divided into two classes : (i) 
those with plane faces and seats; (2) those with cylindrical or 
slightly conical faces and seats. The former class includes 
engine slide-valves and the sluices, often of very large size, 
which are used as stop valves on water mains. The latter class 
includes the hand- worked valves commonly known as cocks. 

23s- Engine Slide Valves. — Of the various valves used 
to effect the distribution of steam to steam-engine' cylinders, 
the slide-valve is by far the most frequently adopted. The 
full treatment of the action of the slide-valve is beyond the 
scope of this treatise, and a short description of (he most 
simple form of shde-valve is all that can be attempted. In 
its simplest form the slide-valve consists of a dish-shaped 
rectangular piece, the face of which is very accurately 
planed and scraped to a true surface. It slides upon a 
seating formed in the steam-chest, which is also an accurate 
plane, and in which are formed the passages through which 
the steam passes, termed the ports. The slide-valve is 
pressed down on the seating by the steam pressure on its 
back, which is greater than the pressure on its face, because 
part of the lower surface of the valve communicates with 
the atmosphere or the condenser. The section of the valve 
is D-shaped, as shown in figure 216, and it has two flat 
faces, in section, which, when the valve is in its middle 
position, cover the two passages leading to the two ends of 
the cylinder, or steam-ports ; at the same time the hollow 
part of the valve covers the middle passage through which 
the steam is discharged, and which is termed the exhaust- 
port. When the valve moves in either direction from its 
middle position, it uncovers one steam-port and allows 
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steam to pass to one end of the cylinder, whilst, at the same 
time, the hollow part of the valve passes over the other 
steam-port and puts it in communication with the exhaust- 
port. The reciprocating motion of the slide-valve, which opens 
the ports alternately, is effected by an eccentric, which may be 
regarded as a very short crank, keyed on the same shaft as 
the engine crank. It is obvious that the travel of the valve 
each way from its mid-position is equal to the radius of the 
eccentric, unless modifying arrangements are interposed. 

In the earliest slide-valves the width of the faces of the 
valve was sensibly equal to the width of the steam-ports. 
Then, the moment the valve passed its mid-position, it began 
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to open one port to steam and the other to exhaust Apart 
from a circumstance to be mentioned presently, the steam- 
piston must be at the end of its stroke at the moment steam 
begins to be admitted on one side and exhausted from the 
other. It follows that with this form of valve, the valve is at 
mid-stroke when the steam piston is at the end of its stroke. 
Consequently the eccentric must be at right angles to the 
crank. 

It was discovered, however, that with this arrangement 
the steam entered and left the cylinder with difficulty at the 
beginning of each stroke, in consequence of the very 
gradual opening of the slide-valve. To afford a wider 
opening to the steam, it was found necessary that the valve 
should be already a litde open at the beginning of a stroke. 
To secure tliis it is only necessary to fix the eccentric a 
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little more than 90° in advance of the crank. The width of 
the port open at the beginning of a stroke is termed the 
lead of the valve. 

Next it was found desirable to make the faces of the 
valve wider than the steam-ports, so that when the valve is 
placed in its middle position, the valve faces overlap the 
edges of the ports. The width of the overlap on the steam 
edge of the valve is termed the outside lap, and the width 
of the overlap on the exhaust edge of the valve is termed 
the inside lap. The former is generally greater than the 
latter. The valve must be open to the extent fixed for the 
lead, when the piston is at the end of the stroke, and 
the crank connected with it on one of its dead centres. To 
attain that position, the valve must have moved from its 
middle position a distance equal to outside lap + lead. 
The eccentric must therefore have passed its middle position 
by the angle necessary to move the valve through that 
distance. It will therefore be in advance of a position at 
right angles to the crank, by an angle termed the angular 
advance of the eccentric Two important advantages are 
obtained in a valve thus arranged: (i) The steam is cut 
off from the cylinder before the end of the stroke, and the 
slide-valve acts as an expansion valve. {2) By making 
the outside lap greater than the inside lap, the lead to ex- 
haust is made greater than the lead to admission, by the 
amount of the difference of the laps. Now, the greater 
freedom of exhaust thus secured reduces the back pressure 
on the piston in a very important degree. There is a limit 
to the amount of lap which can be used with an ordinary 
slide-valve. To whatever extent the opening of the ex- 
haust is made earlier, to the same extent the closing of the 
exhaust is made earlier also. If the exhaust is closed too 
soon, steam is retained in the cylinder and compressed, as 
the piston returns, into the small clearance space at the end 
af the cylinder. This action is tenned cushioning. A 
moderate amount of cushioning is useful, but excessive 
cushioning would be prejudicial. To prevent this the 
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outside lap is usually not greater than Is sufficient to close 
the steam-port at |ths of the stroke. When more ex- 
pansion is wanted, a double slide-valve or some other 
arrangement is used. 

Fig. zi6 shows a section of a slide valve and of the 
steam ports, taken parallel to the direction in which the 
valve moves. The dotted lines show the positions of the 
valve at the ends of its stroke, in either position completely 
uncovering one port to exhaust, and partially uncovering the 
other to steam. 

236. Area of Sleam-forts. — The area of the steam-ports 
must be so an-anged that the mean velocity of the steam 
does not exceed 80 to 100 feet per second. Let O be the 
piston area and w the area of each steam-port, then the 
ratio of port area to piston area is as follows i — 



For locomotives which run at a high, but variable speed, 
a. = 070. 

Let / be the length and a the width of each steam-port 
Then «/=«=[ ^jO. The proportions of the port are 
variable ; the length / may be from o-j to o'8 of the cylinder 
diameter, and the ratio ~ from 4 to 9. Let d be the 

cylinder diameter, and let /=xD, a=jiD. Then suitable 
values of a: and ^ are given in the following table ; — 



Pi««l>p«d 


' 


> 


' 


f 


' 


r 


aoo 




■078 




'o6z 


■6 










■6 








400 




■091 


7 


■078 






600 


■7 




■8 




■9 
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The whole width of the steam-port is opened to exhaust, 
but ofleo only o'6 to 09 of the width to steam. 
237. Proportions of the Siidt-valve : — 
Let ti=width of steam port 

«ff=greatest width opened to steam. 
i7=:outside lap. 
/=inside lap. 
^=lead ; ^'=inside lead. 

^=width of bar between steam and exhaust ports. 
a'=width of exhaust port. 
p=half travel of valve, or radius of eccentric 
r=Tadius of crank or half stroke of engine. 
t=ratio of eccentric radius to length of eccentric 

rod. 
£=distance valve has travelled from its mid-position 
when the crank has moved through an angle 
^ from the dead point. 
/=distance piston has travelled from beginning of 

stroke, at the same moment 
0=angle of advance of eccentric, so that the eccen- 
tric is 90° + ft in advance of the crank. 

The width b of the bars is fixed empirically. In small 
engines it may be= — f-^, and in large engines it is deter- 
mined almost entirely with reference to convenience of 
casting, and should be at least equal to the cylinder thick- 
ness. The inside lap, i, is generally small, and may be from 
'075a to ■lo. The outside lap, 0, is determined by the 
point at which steam is to be cut off. Very commonly is 
about 0.250. Then.'if the valve and eccentric are directly 
connected, 

P=na+o=a+i . . , {3) 

If these equations are satisfied and i ate not indepen- 
dent when a and « a are fixed. 
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The lead e may be from -["a p in slow to ^ p in fiist 
engines. 

The angular advance of the eccentric, 6, is determined 

by the equation — 

Sin e=^±^ nearly . . . (4) 
P 
This determines 0, and then the angle between the crank 
and eccentric radius is 90° +9. The following table gives 
some values of 6 : — 



1 




■„ -. 1',, 




.„ 


9" 21' 

13 I 


11= 16' 

14 6 

15 58 


IS" 13' 


18O >2' 

20 6 


21" 15' 
23 " 
2S 10 


-St 

Z8 32 



The equation is not quite exact, beca,use of the obliquity 
of the eccentric rod, but the error is not great. 

The inside lead =^=p sin 8—1. The inside and out- 
side lead and lap are connected by the equation, n+*=/'+^. 

The width a' of the exhaust port must be equal to ot 
greater than 2p— A 

The width of the hollow under the valve (measured 
parallel to the direction of the valves' motion)=2(ii+^— p) . 

Travel of valve and corresponding crank angle when the 
injluence of the obliquity of the eccentric rod is neglected. — Let 
a line through the two dead centres of the cranlcpin circle 
be termed the line of stroke. Generally this line is also 
parallel to the axis of the cylinder. If the obliquity of the 
connecting rod is neglected, the valve is in its mid position 
when the eccentric radius is at right angles to the line of 
stroke. Let that position be termed, for shortness, the mid 
position of the eccentric As the eccentric moves through 
an angle a. from its mid position, the valve travels a distance 
J=psinn .... (5) 
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which will be + or — according as a lies between o" and 
i8o°, or between 180° and 360°, a being measured in the 
• direction of motion of the crank. Since the eccentric is 
90°+^ in advance of the crank, 

where f is the angle through which the crank has moved 
from its position at the beginning of the stroke. Hence 

£=psin(^+8) . . (6) 

The opening of the port to steam is 

w=t-o=p sin (*+fl)-o, 
and the opening of the port to exhaust is 

!£('=-£-(= -p sin (^+8)-/. 
When admission begins and when steam is cut off, w=0; 
and when exhaust or compression begins, i(^= O. Inserting 
these values, we obtain four values of the crank angle for 
each edge of the valve and for one revolution of the engine. 



For 

Cutoff 
Release 
Compresdon 


}-{ 

}-{ 


sit. (#, + 9)= '- 
^ (♦* + «)= ° 

«n (♦.+«) = -': 
sin(#. + «) = -t 


(^ + fl) lies between 
gOand 90" 

90" and iSo" 

180= and 2700 

370= and 360" 



From these equations the values of ^+8, and therefore 
of ft can be obtained. The angles are connected by the 
relations ^j=i8o°—^]; ^4=r8o''— fg. 

The following form of the same equations is sometimes 
more convenient' 



Since 



5in fl=^Z_, o-=-p sin Q—e. 

P 
'Micinique C^nirale,' voL iv., 
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Hence, 

«)=(— (7=f+p|sin(^ + 9)-siiifl|. 

For admission and cut off, «»=(?, and we get 

Sin(9+e)=sinfl-l; 
P 

For admission, 4,=2jr -; 

P cos » 

For cut off, a,=T-afl+- ' ^ . 

' (t cos d 

The angles are in ciicular measure in these equa^ons, 
and can be reduced to degrees by multiplying by — or by 

57 -a- 

Similarly, since i+e'=0+e, 

For release and compression, v/^O; then 

Sin(^+fl)=-sine+-; 
P 
_J_ . 

iCOSl 

For compression, i,=2jr— z9H ^— ^. 

^ P cos 

238. Position of piston for given crank angles when the 
obliquity of the connecting rod is neglected. — If /is the distance 
the piston has travelled from the beginning of its stroke, when 
the crank has revolved through the angle ^, measured from 
the dead point, then if the obliquity of the connecting rod 
is neglected 

/=r(i-cosy) . . . (7) 

where cos ^ is negative, if ^ lies between 90° and 270°. By 
inserting the values of ^, obtained above, we obtain approxi- 
mately the position of the piston for admission, cut of^ 
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telease, and expansion. As, however, the obliquity of the 
connecting rod sensibly affects the position of the piston, it 
is better to set off the positions of the crank corresponding 
to the above values of ^ on a diagram drawn to scale, and 
then by laying off the connecting rod length, the position of 
the piston is found exactly. 




Crank angles corresponding to given ratios of expansion. — 
Let ^jbe the travel of the piston corresponding to the crank 
angle fr Then -^ is the ratio of expansion. The following 

table gives the relation between these quantities, when the 
obliquity of the connecting rod is neglected : — 



Tr = °-* °« 


0'5 


0-55 


0-6 o'65 


♦, = ;81» 83 


90 


96 


loii xo7i 


A = 0-7 0-75 


08 


085 


09 0-95 


h =ii3i' 1" 


127 


■34J 


143 IS4 


The action of the slide-valve is 


most conveniently examined 






D,.. 
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by the Mdof a geometrical construction due to Prof. 
Zeuner.' 

Fig. ai? shows an ordinary locomotive slide-valve. 



Cocks. 

Z39, The term cock is sometimes used for any valve 

opened or closed by hand, but it is more properly restricted 

to valves which are nearly cylindrical, and which rotate in 

} Treatise on Valve Gears, 
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searings of the same figure. In ordinary cocks the seating 
is a hollow, slightly conical casing, and the valve, which is 
termed a plug, fits accurately In the seating. The passage- 
way for the fluid Is formed through the plug. By rotating 
the plug in one direction its apertures are made to coincide 
with the entrance and dischaige orifices of the casing. The 
,o-a> cock is then open. By 

rotating It in the other 
direction the holes in 
the plug are brought 
over blank parts of the 
casing and the cock is 
closed. The slight taper 
given to the plug enables 
it to be accurately fitted, 
by turning and grinding, 
to Its seating, and It can, 
from time to time, be 
refitted. Each time it is 
refitted the plug sinks a 

^ .,_, ^tua- -+ \\a\e lowerin the casing. 

_ ' If the plug were cylin- 

drical this refitting would 
be impossible. The 
objection to the use of 
cocks in many cases, 
especially for pipes of 
large size, is that a good 
deal of power is required 
to move them, and this 
is partly due to the 
conical form, which in- 
creases the friction, 
^«-"9- The simplest cocks 

have a solid plug, which is kept in place by a screwed end. 
When the cock is small, the casing has a screwed socket on 
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one side and a screwed end on the other, for the attachment 
of the cock to the pipes with which it is connected. But in 
larger cocks, the inflow and outflow orifices are provided 
with flanges. 

For small brass cocks, with socket and spigot ends, the 
following proportions may be adopted : — 

Diameter of waterway of cock=rf 

Diameter of plug at centre=i'i5(^+i 

Height of hole in plug=i-3:/ 

Width of hole in plug=o-6i/ 

Total length of tapered part of plug=2'5(/to %d 

Side of square for handle =07^ 

Height of square for handle!=o-4i^ 

Thickness of metal=:o'2i/+i'ff 

Diameter of plug screw = o-3Si/ 

Diameter of screwed end^rf+xs- 

Internal diameter of socket end=rf+f'a 

Total length=3-3i^ 

Taper of plug=i in 12 to i in 9 on each side. 

For cocks with flanged ends, like that shown in fig. aiS, 
the proportions are the same. When the cock is not very 
small the thickness is best obtained from the rule — 

t=\J2-'r-^s for <^st iron. 

=i^\/5+ A for brass. 

Some proportions are marked on the figure. 

240. Large cocks connected with boilers, and in situa- 
tions where failure would be dangerous, are best made with 
closed ends, as shown in fig. 219. The proportions of cocks 
of this description are a little different 

Diameter of waterway=i/ 

Thickness of plug (brass)=o-i2V?+J 
„ „ (cast-iron)=o-i 8y^-l- \ 

Thickness of shell (brass)=o'i8s/:/+J 
„ „ {cast-iron)=o.^5^/2+;^ 
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The shell may be reduced to the same diickness as the 
plug in parts which do not require to be tuinRd. 

Diameter of plug at ceDtre=i'i&/ 

Size of openings in plug=i'i8rfxo*66rf 

Overlap of plug at top and bottOin=o'o8rf+o'4 

Depth of stufiing-box=|f/+i^ 

Depth of glancl=^+i 

Diameter of studs in cover, \d-ir\ 

Taper of plug=si in iz on each side. 
Some other proportions are marked on the figure. 
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«orkhlDff thd Uterature of phetwn^ib; 

miqr not M at prMeat prutind. dear 
iDsCnollofUf lor initance, being B^*™^ 
tor tba Talbotjpe Hid Digriwno^pe. 

cbnp, and to nndoubteidj ^on^ 
lni*""»l that glfOA BO complete a Tiew of 

. ^ ^__ the subject broDgbt down to the oraaHnt 

part of the subject ; one via le coo- Ume.' Puihtini 
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and to 1^ them 01 

nadllj make their acquaintance, and 
those who wlib to rin abore ibe dead- 
level of tiieaTsageartiian mmt do thdr 
bat to aoquln knowledge of the IKIb 
here pnaented to them. The hook oom- 
menca wttb Bome chaplen on the tdtlng 
ot malariala and the ouplormeiit of the 
testing-maoldiic& We then hare ohaptaa 
on OBit and wmnriit Iroa, sted, oopper, 
■nndi7 aUcm and Umbo ; the mlWaace 
ol materUa to tenrion. ahearlng, and 



mpootible 1 
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duitni a brld^ of maadmum etrvn£tJt» 
wlthiRit making some of the parte twloe 
or thrfoe aa atnmg aa tbaj need be. 
UoMot the experiment! TUob fuinlabed 
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Dolmn. . . . We hope that the demand 

that have erldentlf been beuowed on ila 

[n onr technical litcratnre wblob it la 
anrprlMnj; to dud baa been allowed aa 
lung to exist.' Fall Mau. Qaeette, 

' Tbe mwt Ilgaroo! tbeoillt ll not 
likely to qoeation the propriety of adding 
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'—■ '— '""■ '06 Wood BneisTlags. Price "■ " 
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ifrt of Dr. Percy, or tt 
i« fliiusy pr«t«Doea, of lit 



Utter, tba lianu tliey do t^ Oncilblng 
exploded prDccna ud ui^nat«d Dpeni< 
tlDoalu mnob gnots tlnui wi; e™d the; 
can do to Uu ruder. Profeiior Bloxam. 
vitb Atboron^ta pnctloil knOHlcd^ at 
'"- anbject, hMt>l» taotbcrqiuUtjaf the 



m describe with gra> 
Blm|d]cttT Badckajnnthe TartooA opera 
tiODs HDd tbe anjuatna ooplored, on* 

tbey are cmrried on. Thl> ta tbe T«iilt o 
brinFc peFwm&Uf ojDreiauit with tbem 
Uld It glYM to the boot Ml Jnleist t 
the general reoderu well Bd 10 tbe ataden 
In tei:hiilciil metaUurgr. Tbe sobjec 
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have DO lofentlmi of prBCtlcall; pdrflning 
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t and Science. Tbey 

pUcstiDn on theone hand, nor on tbeot 
University teit-boob, 
tJ^dning le the foremi 
eiplain prindplee imi 

DecfsoJ? for pnctkal application, and 
the; nioBljsts this sppUokOon br ■ gmC 

vorkB have been attempted liefore, bat 
for the mm part In a terf rongli und 
eoatre mj. The ipedelity of tbli Bsriei 
oonriiti In the faot that men of t he hlghist 
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MetAaniim, b; f. H. QouIotB (the 
Editor of the BerlEs), b a ler; full de- 
scription of all tbe lugenlonfl methoda bj 
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BiniplB Btyle. Two objacta have been b 
In Tlew in tb»e Test- Boott, one gene 

to belp artiaana la eelf-initrnctloo, ■ 

ahlpe i but tber vlH be fotmd rsrj nee 
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hae noneed to tear the elossit critioiam, 


own etoiy by qnatinic (reelj from tbelr 


no oltort having anparently been spared 


pnbllBbed papers. Then (ollons what 
ioimi the groBler pwt of the «ort-« 




ae OMtnl as possible. We may add chat 


detaUed ncooimt of practlal mathoaa of 


it ia one of Moaars. LoNomN'B BorieB at 


deposltiiiK the Tirious metals. Thin 


Ttxt-Booki of acina, and ii not on- 


portion of tbo book, at nnoe thoronghlj 


worthy of a place among the admirable 




Tolumos wliidi that oerlea contains.' 



t oar preyloBS know- 



prodsioD* "Wa luTe not been disap- 

yet popDlor gtrle the rndlraenla of the 
''wo nb^eott (rf which be has bere treated, 
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id doting the pro< 



' of St. John's GoUi«e, Cambcidg«. 

Df hia inreedgationfl. Tbse, how- 
ie bos soexpLdned as t^ make tbem 
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THEOKT of HEAT. Bj J. Clbbi MixwBLt. M.A. LL.D. Edin. 
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moi, Id U» nBtbanstldui nhtm rs- 

DDtU ercry metbodof tnatliig tbg tbams 
wonM Bmear to ban bMn prattj wall 
nbaosted, Hi. UlBKirBLD busnamded 
In prodnnlnK stboKinghly ocWobI wwk. 
Tbe t^ whioli be b«l set blmHlt In 
miting tbe book W8, be 1«Uh hb In his 
pr«fa«, to give " Co tbe elementary rulea 
the pradEiDn and UloBtntfon which they 
need for tbe fnrtba- pnrmlt of tha Enbjeot^ 



ba Uffhet nlM tbab gndnil In- 

wblch ii a moie aBastdTa lattn- 

It of taaoUng tban a strict li^i^hial 
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b goi up In tbe careful manner v 
dtatinmilahce othera of tbe wnie ie 
vtaUe it! lowprloevUl render It fspec 
velDome both to the tokcben of ec 

derotdng hto leisure hoan to eelf-tul 
OonsJdH^g the Bnormaua der^opi 
which teclmJcal inatmctlon la juat 
receiving, we venture to antldnato ] 
aneitremelj large sal 



rNTaODUOnOH" to the STUDY of IHOBaAlTIO 

CH8MI8TET. Bj WnjjAil Allks Mnj,»B, M.D. LI-D. F^.8. With 71 
Wood EngraTlngB. Price is- 9ii, 
• Tbia teit-book of tnuritanlc chemla- I manuals ire ban met with tot a long 
try la cne of tbe most osoful elamentar; | time.' FHtLosoPBTCAL MACMztHB, 

TELEGBAPHTy. By W. H. Pubbcb, C.E. and J, Sitbwbioht, 
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Beei tf Btunvf Tery woitMlr fllla Iti 
plan In the uoellsnt asria of adeaca 
nuiuli publlBtHl by the ]l«sn. Ix»ra- 
HAHS, and «B mayreat aaniredljuitit has 
not iMt an^Un^ la tba hvkdi at Mr. 
Rdinbtt. IbeorlgiuoliKtbarecogslBsd 
(ext-bruk lb tb« tpclintcsj BClMxilfl of 
Qcrmuiy ; HiH ID ediCtag tbe prcaent 

make It awfiU K 
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andTaiioui waya. tba mujuoiinpanying 
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both for claamMi and accmHcy, i«ider 
tbe woA not muely raloable to tb« 
itodent. but InUreaUngto tbeoocaakual 
Tett^er, who may wiflb for daflnlt? Infor- 

l6 glyan of with the sCrnotnrt of a plant.' 
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ELEMENTS of MAOHINE DESIQ-N ; an Introduction to 
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of UacUnes. and a OoUaction of Bulea tor Uachlne Design. By ff. Gaw- 
~ - ~ - - - i^nii JJ3 ^ij^ Kngrarlogo. ii. ed. 

I, and nu^ a mmt long Mt by 
« engaged m dealgning toacblnetj- 
ID ooncloBlon, «« may remaA t^t 
UMe treatlae wortUIr aostaiia tte 
1 tepoCatlon wbloh Fujeeior UNWIN'a 

.. , . . Tkxtilb MlNnrionrnaH. 

. The labontl (tf aaDTa«BiOHKR 'Mr. DhwiiTb ob]«it h 
explain the priDofpleawhicbB 
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me^, and the Ulnatiatioufl ud tabtea 
are^tbatconJdbedetired/ Spiotator. 
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